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General abstract 
Garnet-rich rocks are spatially associated with the giant Paleoproterozoic Broken Hill (BH) Pb-Zn-Ag 
deposit and smaller Broken Hill-type (BHT) deposits.  However, they also occur throughout the southern 
Curnamona Province (SCP), Australia, unrelated to sulfides.  Mn-bearing garnet-rich rocks at BH, Cathedral 
Rock, Meningie Well, Polygonum, Thunderdome, Mutooroo, Iron Blow, Doughboy, and Weekeroo are 
conformable to bedding in surrounding metasedimentary rocks, and represent impure chemical precipitates 
formed on the floor of a rifted basin.  Mn was derived from spatially related mafic lavas.  Y/Ho and Zr/Hf ratios 
indicate that most garnet-rich rocks formed from Cl-bearing hydrothermal fluids.  Mn-rich and Mn–Ca-rich, Fe-
poor garnets and host garnetite and garnet-pyroxenoid rocks at BH show positive Eu anomalies (Eu/Eu* > 1), 
whereas Mn-poor, Fe-rich garnets and host quartz garnetite and garnet-gahnite rocks from BH, and quartz 
garnetite and garnet-amphibole rocks from other sites in the SCP exhibit negative Eu anomalies (Eu/Eu*< 1).  
Calculations of KD grt/rockREE and interelement correlations between REEs and major element contents in 
garnet indicate that the HREEs are crystallographically controlled in garnet whereas the LREEs are not.  
Eu/Eu* > 1 reflect high amounts of Eu2+ that was preferentially incorporated into/onto original Mn-, and Mn-
Ca-rich oxides/carbonates.  In contrast, Eu/Eu* < 1 indicates the preferential discrimination against Eu2+ by Fe-
rich, Mn-poor precursor minerals.  Precursors to Mn-poor, Fe-rich garnet- and gahnite-rich rocks in B and C 
lodes at BH and elsewhere in the SCP that exhibit Eu/Eu* < 1 and high Fe/Ti ratios formed between 250 and 
300 °C from hydrothermal fluids at low fO2 conditions. The precursors to Mn and Ca-Mn garnetite and 
pyroxenoid-bearing rocks from 2 and 3 lenses and A lode at BH that show low Fe/Ti ratios and Eu/Eu* > 1 
were derived from high T (T > 250°C) hydrothermal fluids.  These fluids precipitated Mn at higher fO2 
conditions than those that formed Mn-poor rocks.  The sign of the Eu anomaly is dependent on several physical 
and chemical factors, the most important of which are T, fO2, and the crystallographic control the precursor Fe-
Mn minerals had on the relative distribution of Eu2+ and Eu3+.  Enrichments in Mn, K, Rb, S, Ga, Cs, Eu, Sn, U, 
W, Cu, Pb, Zn, As, Cd, Sb, Ag, and Au, and Eu/Eu* > 1 in garnet-rich rocks can be used as exploration guides 
in the search for BHT mineralization.  Garnet from the BH deposit is enriched in Zn (>400 ppm), Cr (>140 
ppm), and Eu (>6 ppm), and depleted in Co, Ti, and Y compared to garnet in other garnet-rich rocks in the SCP.  
 ix
These values, as well as Mn contents >15 wt. % MnO and Eu/Eu* > 1, are also considered as guides to BHT 
mineralization. 
Low-grade Zn-Pb-Ag mineralization occurs at the Polygonum, Thunderdome, Hunters Dam, and 
Benagerie Ridge prospects as fine-grained laminated pyrite and sphalerite within pyritic carbonaceous/graphitic 
metapelites, calcareous shales/silts, Mn-bearing sideritic carbonates, calc-silicates, carbonate lenses, and 
feldspar-carbonate layers [Bimba Formation, Strathearn Group (OD) and Ettlewood Calc-Silicate Member 
(BHD)].  This sulfide mineralization is syngenetic and resembles sulfide mineralization at the HYC deposit, 
Queensland.  It formed with chemical/evaporitic precipitates in a shallow non-marine/lacustrine environment.  
δ13CPDB and δ18OPDB values of calcite are between -10.2 and -0.8 ‰ and -19.2 to -16.8 ‰, respectively.  
Differences in δ13C values in carbonates from the same area suggest that the lower δ13C values represent higher 
amounts of original organic C or that equilibrium homogenization during metamorphism was not attained.  The 
δ13CPDB values are heavier than δ13C values (~ -26 ‰ to -21 ‰ PDB) of carbonates in ore from the BH deposit.  
These light δ13C values resulted from decarbonation and the high T effects of metamorphism.  Based on the 
presence of graphite in each study site, there appears to be a genetic link between biogenic C, base metal 
mineralization, and carbonate deposition.  At the Polygonum and Thunderdome prospects, stratabound Pb-Zn 
mineralization occurs within garnet- and gahnite-bearing metapsammopelitic phyllites, laminated 
andalusite/chiastolite phyllites, laminated garnetite, quartz garnetite, banded Mn-bearing iron formation, and 
amphibolite [lower Saltbush Subgroup, Strathearn Group (OD) and upper Broken Hill Group (BHD)].  Whole 
rock values of  >4 ppm Tl, >25 ppm Cd, >17 ppm Se in units 2 and 4, a Zn/(Zn+Fe) ratio of  >0.6 for zincian 
spinel,  a (Mn+Fe+Mg)/(Mn+Fe+Mg+Ca) ratio >0.9 for carbonates, a Mn/(Mn+Fe+Mg) ratio of >0.6 for garnet 
in garnet-quartz rocks, and a (Mn+Fe)/(Mn+Ca+Fe) ratio of >0.3 for garnet in calc-silicate rocks are 
geochemical indicators of stratabound Pb-Zn mineralization in the northern part of the SCP.  
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Chapter 1.  General introduction 
1.1. Dissertation organization 
This dissertation is organized into five chapters followed by appendices that contain complete 
correlation matrices obtained for garnet and whole rock compositions.  Tables of quantitative (LA-ICP-MS and 
whole rock chemical analyses) data are included as appendices in each chapter.  The first chapter consists of a 
general introduction to the dissertation that summarizes the most relevant background aspects and objectives of 
the research conducted.  The second, third, and fourth chapters include scientific articles that will be submitted 
for publication.  The chapters are: “Geochemical keys to the origin of garnet-rich rocks and their genetic 
relationship to Broken Hill-type mineralization, southern Curnamona Province, Australia,” which will be 
submitted to the journal Chemical Geology, “Chemical and crystallographic constraints on the geochemistry of 
garnet in garnet-rich rocks, southern Proterozoic Curnamona Province, Australia,” which will be submitted to 
Chemical Geology, and “Geochemistry and genesis of metasediment-hosted Zn-Pb-Ag mineralization in the 
northern part of the southern Proterozoic Curnamona Province, Australia,” which will be submitted to the 
Journal of Geochemical Exploration.  A fifth chapter of General Conclusions summarizes the main conclusions 
of the three articles and includes recommendations for further research. 
The ideas and results presented in this dissertation are the outcome of the research conducted by the 
author (Adriana Heimann).  Contributions received from other colleagues listed in the scientific articles are 
acknowledged.  Activities undertaken by the principal author included: 
• drill core logging and field reconnaissance, sample collection, hand sample description,  
• selection of samples, cutting, and bagging for polished thin section and polished section preparation 
(obtained from Vancouver Petrographics) and whole-rock chemical analysis (obtained from Acme 
Analytical),  
• selection and preparation of thin sections for analytical techniques, 
• selection of calcite samples for and carbon and oxygen isotope analysis,  
• electron microprobe (EMP) determinations, Laser Ablation-Inductively Coupled Plasma-Mass 
Spectrometry (LA-ICP-MS) analysis, scanning electron microscope (SEM) determinations, U-Pb 
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sensitive high resolution ion microprobe (SHRIMP) age determinations, petrographic analysis, carbon 
and oxygen isotope analysis, 
• calculations and data representation, literature review of modern Fe–Mn-rich precipitates and other 
garnet-rich rock examples, and statistical analysis of data.   
Electron microprobe determinations were conducted mostly by Dr. Paul G. Spry at the University of Minnesota.  
LA-ICP-MS analysis of garnets from the Broken Hill deposit was conducted over a period of a year and a half 
(January 2003 - May 2004) by Adriana Heimann in the Department of Chemistry, Iowa State University, in 
collaboration with chemistry PhD student Josh Messerly and Dr. Robert S. Houk.  LA-ICP-MS analysis of 
garnets from nine sites in the southern Curnamona Province (SCP) was performed by Adriana Heimann at the 
Gemoc Centre, Macquarie University (Sydney, Australia) during a four-week period.  The analysis was 
supervised by Suzy Elhlou and the results of some LA-ICP-MS analyses were discussed with Dr. Norman 
Pearson.  U-Pb SHRIMP age determinations were conducted by Adriana Heimann, in conjunction with Mark 
Fanning (PRISE, Australian National University) as part of a larger project directed by Dr. Spry that involve a 
study of the age of the garnet-rich rocks at the Broken Hill deposit.  Colin H.H. Conor guided the authors 
through the localities in the SCP where samples were collected.  Graham S. Teale selected the drill holes of 
study and also guided the study of the third chapter of this research.  Drill hole descriptions from the 
Thunderdome prospect and assay data for the Polygonum and Thunderdome prospects were provided by 
Wolfgang R. Leyh.  In addition, Wolfgang Leyh provided REE compositions (obtained by Pasminco) of rocks 
from a drill hole that transects the Broken Hill deposit.  The three journal articles were written by Adriana 
Heimann, corrected by Paul Spry, and benefited from comments by Paul Spry, Wolfgang Leyh, Graham Teale, 
and Colin Conor. 
 
1.2. Introduction to the research topic 
The world class Pb-Zn-Ag Broken Hill (BH) deposit (280 Mt @ 20% Pb+Zn, and 100 g/t Ag) and 
minor Broken Hill-type (BHT) deposits, including the second largest BHT deposit, the Pinnacles deposit (2 Mt 
@ 6-11 % Pb, 2.5 % Zn, 300-500 g/t Ag; Parr, 1992), occur in the Paleoproterozoic southern Curnamona 
Province (SCP) of Australia.  BHT deposits are metamorphosed, stratabound sulfide concentrations of Pb-Zn-
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Ag hosted by complexly deformed amphibolite to granulite facies volcanosedimentary sequences, and 
characterized by the spatial association of sulfides with various Fe-, Mn-, Ca-, Si-, and Zn-rich rocks including 
garnetite (> 80 % garnet; Spry and Wonder, 1989), quartz garnetite, pyroxenoid-rich rocks, gahnite-rich rocks, 
and iron formation (e.g., Walters, 1996; Walters, 2001).  Garnet-rich rocks, especially those containing 
spessartine-rich garnet, are spatially related to a variety of massive base metal sulfide deposits in, for example, 
the Kanmantoo group, South Australia (Toteff, 1999), the Sullivan Pb-Zn deposit, British Columbia (Slack et 
al., 2000), Georgia (Wonder et al., 1988), the Gamsberg Zn deposit (Rozendaal and Stalder, 2001), the 
Cannington Pb-Zn-Ag deposit (Bodon, 1996), and the Broken Hill Pb-Zn-Cu deposit, South Africa (Spry et al., 
2000).  In the SCP, garnet-rich rocks are more abundant than in any known geological province, where they 
occur in the BH deposit (Spry and Wonder, 1989; Spry et al., 2000; Plimer, 2006), the Pinnacles deposit, and 
hundreds of minor BHT deposits (Barnes et al., 1983).  This spatial relationship constitutes an exploration guide 
to ore (Spry, 1990; Spry et al., 2000).  They are also unrelated to sulfide mineralization in many locations in the 
SCP.   
In addition to the presence of the large BH deposit, drilling in areas under sedimentary cover in the 
northern part of the SCP has revealed significant amounts of low-grade, sediment-hosted, stratabound Zn-Pb-
Ag mineralization in tens of minor prospects that occur in rocks metamorphosed from greenschist to 
amphibolite facies (Barnes, 1988; Bierlein et al., 1996; Leyh and Conor, 2000).  Furthermore, garnet-rich rocks 
are also spatially associated with low-grade Pb-Zn mineralization at the Polygonum and Thunderdome 
prospects (Leyh and Conor, 2000).  These rocks were metamorphosed to amphibolite facies conditions and 
sedimentological features are better preserved than at the BH deposit.  Although the geology and geochemistry 
of garnet-rich rocks in the BH deposit have been a focus of attention (e.g., Richards, 1966; Stanton, 1976; 
Jones, 1968; Plimer, 1984; Spry and Wonder, 1989; Lottermoser, 1989; Spry et al., 2000; Mavrogenes et al., 
2001; Frost et al., 2002; Plimer, 2006; Spry et al., 2006), garnet-rich rocks elsewhere in the SCP, particularly in 
the low metamorphic grade Olary Domain, located to the west of the BH deposit and in the western part of the 
SCP, have received limited consideration (Parr, 1992; Laffan, 1994; Pierini, 1994; Lottermoser and Ashley, 
1996; Bierlein, 1995).  As a result of the structural and metamorphic complexity of the SCP and the limited 
number of chemical studies of the garnet-rich rocks, their origin remains a subject of considerable debate.  This 
 4
debate about the origin of garnet-rich rocks at BH has centered on three main concepts: 1. Metamorphism of 
Mn-rich exhalites mixed with aluminous detrital/pelagic sediments (e.g., Lottermoser, 1989; Spry and Wonder, 
1989; Lottermoser and Ashley, 1996; Plimer, 2006); 2. Syn- to post-peak metamorphic/metasomatic interaction 
of Mn between the deposit and the aluminous wall rocks (e.g., Hodgson, 1975); and 3. Reaction between 
partially molten Mn-rich sphalerite in the lodes and the pelitic wall rocks during peak metamorphism (e.g., 
Mavrogenes et al., 2004). 
Major and trace element geochemical analysis of rocks is widely used in petrological studies to 
understand rock-forming processes.  In particular, the abundance of the rare earth elements (REEs) in rocks and 
the shape of the chondrite-normalized REE patterns have provided significant information (e.g., Bau, 1991, 
1996; Bau et al., 1996; Bau and Dulski, 1996).  It is now widely accepted that under conditions of low 
fluid/rock ratio, REE patterns prevail unchanged during metamorphism (e.g., Bau, 1991).  Along with the 
REEs, Y is often utilized to investigate fractionation processes by comparing its behavior with its geochemical 
twin Ho.  Therefore, the fractionation of elements such as Eu, Y, and Ho, in addition to Zr, Hf, and Ce, for 
example, can be utilized to decipher physicochemical conditions of the environment of formation of pre-
metamorphic assemblages.  With the development of LA-ICP-MS, trace element studies have been carried out 
for individual minerals to reveal details of genetic processes in modern and ancient hydrothermal systems (e.g., 
Bach et al., 2003; Bau et al., 2003; Sallet et al., 2005).  In particular, REE and trace element studies of 
individual garnets help to understand: the evolution of the mantle and melt-rock interactions (Schröter et al., 
2004; Scully et al., 2004), the origin of skarns and metasomatic processes (Smith et al., 2004), metamorphic and 
volcanic processes (Irving and Frey, 1978; O’Reilly and Griffin, 1995; Schwandt et al., 1996; Pyle and Spear, 
2000; Otamendi et al., 2002; Rubatto, 2002; Storkey et al., 2005), and geochronological problems (e.g., Hensen 
and Zhou, 1995).  In addition, REE and trace element compositions of individual garnets have been utilized to 
define chemical signatures of garnet in rocks hosting diamonds (e.g., Davies et al., 2004; Viljoen et al., 2004) 
and BHT Pb-Zn-Ag mineralization in Australia (e.g., Lottermoser, 1988; Schwandt et al., 1993) and South 
Africa (Rozendaal and Stalder, 2000; Stalder and Rozendaal, 2005).  REE compositions of whole rocks and 
garnet in BHT deposits have also been used to evaluate the physicochemical conditions of their precursor 
phases (e.g., Lottermoser, 1988, 1989; Schwandt et al., 1993; Bierlein, 1995; Lottermoser and Ashley, 1996; 
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Rozendaal and Stalder, 2000; Stalder and Rozendaal, 2005) and metasomatic processes (e.g., Spry et al., 2006).  
Lottermoser (1988) and Schwandt et al. (1993) presented REE compositions of four garnets derived from the 
same samples proximal and distal to the BH deposit in Australia, and made genetic interpretations that were 
based, in large part, on the shape of normalized REE patterns and the positive or negative sign of the Eu 
anomaly.  Spry et al. (2006) also evaluated the REE composition of garnet in garnet-rich rocks from the BH 
deposit.  Bierlein (1995) presented the REE patterns of five garnet-rich rocks from the Olary Domain in the 
SCP. 
It was considered here that detailed major and trace element chemical studies of garnet and whole 
rocks, combined with petrological investigations, held the key to understanding the processes of formation of 
the rocks and the relationship to BHT mineralization.  Comparisons among BH and other sites in the SCP not 
related to large amounts of sulfide mineralization are fundamental to this research.  Part of the rationale for 
studying the garnet-rich rocks from low metamorphic grade areas in the Olary Domain is because it was hoped 
that these rocks could have preserved primary features that could help reveal the origin of the rocks.  The first 
part of the present study focuses on nine sites of garnet-rich rock occurrences in the SCP metamorphosed to 
amphibolite (Cathedral Rock, Meningie Well, Weekeroo, Doughboy, Polygonum, Thunderdome, and Hunters 
Dam) and granulite facies (Mutooroo, Iron Blow), in addition to the BH deposit.  In the first two papers, major 
and trace element (including REEs) compositions of garnet (obtained by LA-ICP-MS) and garnet-rich rocks at 
BH, in small BHT deposits (Mutooroo, Iron Blow, Thunderdome, Polygonum), in Zn-bearing metasedimentary 
sequences (Hunters Dam and Doughboy), and locations in which no known mineralization occurs (Cathedral 
Rock, Meningie Well, and Weekeroo) are presented.  REE compositions of garnet-pyroxenoid rocks from BH 
are also included.  Geochemical analysis and sedimentological/structural relationships are used to determine the 
origin of the rocks and the source of their components.  In addition, a review of the localities where modern Fe-
Mn precipitates and hydrothermal fluids occur, including their compositions and spatially associated lithologies, 
was also undertaken to determine possible precursor phases and the environment of formation of the garnet-rich 
rocks. 
The presence of the BH and Pinnacles deposits and the discovery of the low-grade but potentially 
large-tonnage Pb-Zn-Ag sulfide occurrences makes the SCP an attractive target for base and precious metals 
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exploration.  However, most of the low-grade sulfide mineralization lies in the northern part of the SCP under 
younger sedimentary cover.  Mineralization in these covered areas, have been explored for, in large part, by 
geophysical techniques (magnetics, EM, and gravity), diamond and rotary air blast drilling, and geochemical 
surveys (e.g., Leyh and Conor, 2000).  Therefore, knowledge of the stratigraphy, rock geochemistry, and 
mineralization types in this part of the SCP is fundamental as an aid for exploration purposes.  Previous studies 
on the mineralization in the northern part of the SCP focused on the sulfide and alteration mineralogy, analysis 
of sulfur and lead isotopes and fluid inclusions, whole rock geochemistry, and regolith geochemistry (e.g., 
Bierlein, 1995; Bierlein et al., 1996; Hills, 1999; Tonui, et al., 2003; Clark et al., 2004).  Regional and localized 
studies of sulfide mineralization allowed the separation of the metasedimentary sequences into various 
stratigraphic units (e.g., Cook and Ashley, 1992; Dugmore, 2000; Leyh and Conor, 2000; Teale, 2000; Hedger 
and Dugmore, 2001).  Attempts at correlating these units with those associated with the BH and Pinnacles 
deposits have been made but there is considerable debate concerning the stratigraphic relations between units in 
the Olary Domain and those in the Broken Hill Domain (e.g., Leyh and Conor, 2003; Page et al., 2005a, b; 
Conor, 2006).  Based on solid geology interpretations and drill core logging, Leyh and Conor (2000) outlined 
the lithostratigraphy and types of sulfide mineralization along 150 km of strike on the Mundi Mundi Plain from 
five drill holes at the Hunters Dam (one), Polygonum (two), Thunderdome (one), and Traverse (one) prospects.  
Detailed studies of the metasedimentary-hosted Zn-Pb mineralization, including the stratigraphic position 
within the regional Willyama Supergroup, stratigraphic correlations with the sequence hosting the BH deposit, 
and the relationship, if any, to the BH deposit are still lacking.  The third chapter of this dissertation focuses on 
four locations (Polygonum, Hunters Dam, Benagerie Ridge, and Thunderdome) where significant Pb, Zn, and 
Ag intersections include 43.8 m at 0.6 % Pb+Zn and 3.8 m at 9.25 % Pb+Zn (Polygonum; Leyh and Corbett, 
2003; Corbett, 2004; Corbett and Leyh, 2005), 54 m at 0.84% Zn, 0.17% Pb, and 4 g/t Ag and 204 m at 0.26 % 
Zn in HDDO3 (Hunters Dam; Yates and Randell, 1994; Leyh and Conor, 2000), 79 m of 0.38 % Zn with 1m 
zones at 3.4 % Zn (Benagerie Ridge; Yates and Randell, 1994), and 4.6 m at 1.14 % Pb and 0.31 % Zn (Leyh, 
1997).  The study by Leyh and Conor (2000) serves as a starting point for this contribution in which 
petrographic studies, mineralization types, whole rock major and trace element compositions, mineral 
chemistry, carbon and oxygen isotope compositions of calcite, and lithostratigraphic profiles and correlations 
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with local formal units are presented.  Based on the data obtained, the genesis of the mineralization and the 
environmental setting are described and discussed. 
 
1.3. Research objectives 
The general objectives of the research in the first two articles are to evaluate:  1. The origin and 
possible precursor phases to garnet-rich rocks from the SCP; 2. Geochemical differences between garnetite and 
quartz garnetite and individual garnet from the BH deposit and garnet-rich rocks and garnet from other sites in 
the SCP; 3. Processes and conditions of formation of the various garnet-rich rocks; 4. The effects of alteration 
and shearing on the geochemistry of garnet and garnet-rich rocks; and 5. Potential chemical guides in the 
exploration for BHT deposits in the SCP and elsewhere. 
The specific objectives are to evaluate the chemical and crystallographic constraints that determine 
differences in the REE patterns and the size and the sign of the Eu anomaly in garnet and rocks using the major 
and trace element composition of garnet in garnet-rich rocks in the SCP, inter-element correlations among 
major and trace element contents in garnet and rocks and with the size of the Eu anomaly, and differences in the 
REE content of garnet and its host rock calculated as distribution coefficients.  The shape of the REE patterns, 
the sign and size of the Eu anomaly, and the composition of garnet and whole rocks are utilized to characterize 
the physicochemical conditions (T, fO2) of the hydrothermal fluids responsible for the genesis of the 
premetamorphic phases.  The shape of REE patterns and the trace element content of garnet and their bulk host 
rocks are considered as exploration guides in the search for BHT deposits in the SCP.  
The aims of the third part of this dissertation are to: 1. Characterize lithostratigraphic units that are 
recognizable on a regional scale using petrographic and geochemical information (whole rock major and trace 
element compositions and mineral chemistry); 2. Identify and evaluate the different styles of sulfide 
mineralization.  Although Cu-Au mineralization is a major focus of exploration in the SCP, this contribution 
focuses on stratabound Zn-Pb mineralization and its possible genetic relationship to BHT mineralization; 3. 
Evaluate the geochemical characteristics of the rocks and minerals that host the Zn-Pb mineralization as 
exploration guides to sulfide mineralization in the SCP; and 4.  To define chemical indices based on major 
element mineral compositions (gahnite, garnet, carbonates) as indicators for Zn-Pb mineralization. 
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1.4. Suggestions for further research 
Suggestions for further research include: 
1. A regional geochemical study from proximal to distal lateral positions with respect to the BH 
deposit to determine additional elemental enrichments related to the Mn anomaly and the existence of a 
lithogeochemical halo similar to the ones observed in other sediment-hosted deposits.  The results could be used 
to further understand the genesis of the BH deposit and for exploration in the SCP.   
2. A regional carbon and oxygen isotope study of carbonates from the areas of lowest metamorphic 
grade in the SCP and those from BH and the Ettlewood Calc-Silicate Member.  Carbonates from the Bimba 
Formation and those in layers and nodules in the stratigraphically higher Paragon and Sundown Groups need to 
be investigated.  Although the effects of metamorphism on the C and O isotopic composition of the carbonates 
at BH seem considerable, a systematic study will prove whether an isotopic halo similar to the one that 
surrounds the YHC and Lady Loretta deposits (Queensland; Large et al., 2001) exists and whether this can be 
used in the search for BHT deposits in the SCP.  This research will help test the effect of metamorphism on the 
carbonates of low metamorphic grade and whether consistent C-O isotopic variations are observed with distance 
from a sulfide concentration.  If the effects of metamorphism are low and consistent compositional changes 
exist, the C-O isotope compositions could be used as indicators for paleo-basin morphology and as vectors to 
sulfide mineralization in the region. 
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Abstract 
Garnet-rich rocks are spatially associated with the giant Paleoproterozoic Broken Hill Pb-Zn-Ag 
deposit and hundreds of smaller Broken Hill-type (BHT) deposits.  However, they also occur throughout the 
southern Curnamona Province (SCP), Australia, as minor occurrences unrelated to sulfides.  Mn-bearing garnet-
rich rocks at Broken Hill (BH), Cathedral Rock, Meningie Well, Polygonum, Thunderdome, Mutooroo, Iron 
Blow, Doughboy, and Weekeroo are conformable to bedding in surrounding metasedimentary rocks and occur 
in close proximity to amphibolite.  Garnet-rich rocks are impure chemical precipitates formed on the floor of a 
rifted basin and were subsequently metamorphosed at amphibolite to granulite facies conditions.  A plot of 
Fe/Ti versus Al/(Al+Fe+Mn) ratios of the garnet-rich rock compositions suggest that the proportion of 
hydrothermal and detrital components in the precursor phases was approximately the same, whereas low 
Co+Cu+Ni contents are consistent with the input of a small hydrogenous component.  Y/Ho and Zr/Hf ratios 
indicate that most garnet-rich rocks formed from Cl-bearing hydrothermal fluids whereas garnet-rich iron 
formations and sheared garnet-rich rocks were derived from fluids with a higher F content.  Mn-poor, Fe-rich 
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quartz garnetite and garnet-gahnite rocks in B and C lodes at BH and garnet-rich rocks elsewhere in the SCP 
exhibit rare earth element (REE) patterwith negative Eu anomalies and high Fe/Ti ratios.  Precursor minerals 
formed from hydrothermal fluids at temperature < 300 °C and low fO2 conditions.  Mn and Ca-Mn garnetite and 
garnet-rich rocks (hedenbergite-, bustamite-, and rhodonite-bearing) from 2 and 3 lenses and A lode at BH show 
low Fe/Ti ratios and positive Eu anomalies.  The precursors to these rocks, which are rare outside of the BH 
deposit, precipitated as the fluid cooled and oxidized and were derived from hydrothermal fluids characterized 
by fO2 conditions higher than those that formed Mn-poor, Fe-rich garnet- and gahnite-rich rocks, probably at 
temperature << 250 °C.  The sign of the Eu anomaly is dependent on several physical and chemical factors, 
including the composition of the precipitate and the chemical/crystallographic control the precursor Fe-Mn 
oxyhydroxides/oxides/carbonates had on the incorporation of Eu.  Garnet-rich rocks from BH show higher 
average Mn, Sc, Ga, Ba, Mo, Cu, Pb, As, Cd, Sb, and Au contents than those from other sites in the SCP.  
Rocks from the latter are more enriched in Fe, P, V, Co, Ni, Cs, and U and indicate a higher hydrogenetic 
component in the precursors to garnet-rich rocks from these locations.  Enrichments in Mn, K, Rb, S, Ga, Cs, 
Eu, Sn, U, W, Cu, Pb, Zn, As, Cd, Sb, Ag, and Au, and a positive Eu anomaly in garnet-rich rocks can be used 
as exploration guides in the search for BHT mineralization.   
  
Keywords: ferromanganese garnet rocks; Broken Hill; REEs; hydrothermal fluids; Pb-Zn-Ag mineralization 
 
1. Introduction 
Major and trace element geochemical analysis of rocks is widely used in petrological studies to 
understand rock-forming processes.  In particular, the abundance of the rare-earth elements (REEs) in rocks and 
the shape of the chondrite-normalized REE patterns have provided significant genetic information (e.g., Bau, 
1991; Bau et al., 1996; Bau and Dulski, 1996).  In addition to the REEs, Y is often utilized to investigate 
fractionation processes by comparing its behavior with its geochemical twin Ho.  It is now widely accepted that 
under conditions of low fluid/rock ratio, REE patterns prevail unchanged during metamorphism (e.g., Bau, 
1991).  Therefore, the fractionation of elements such as Eu, Ce, and Y can be utilized to decipher 
physicochemical conditions of the environment of formation of pre-metamorphic assemblages.   
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Garnet-rich rocks, especially those containing spessartine-rich garnet, are spatially related to a variety of 
massive base metal sulfide deposits metamorphosed between the upper greenschist and granulite facies in, for 
example, the Kanmantoo group, South Australia (Toteff, 1999), the Sullivan Pb-Zn deposit, British Columbia 
(Slack et al., 2000), western Georgia (Wonder et al., 1988), the Gamsberg Zn deposit (Rozendaal and Stumpfl, 
1984; Rozendaal and Stalder, 2001), the Cannington Pb-Zn-Ag deposit (Bodon, 1996), and the Broken Hill Pb-
Zn-Cu deposit, South Africa (Spry et al., 2000).  This spatial relationship constitutes an exploration guide to ore 
(Spry, 1990; Spry et al., 2000).  In the Paleoproterozoic southern Curnamona Province (SCP), Australia, garnet-
rich rocks are more abundant than in any known geological province, where they occur in the Broken Hill 
deposit (Spry and Wonder, 1989; Spry et al., 2000; Plimer, 2006), which contains 280 Mt @ 20% Pb+Zn, and 
100 g/t Ag), the Pinnacles deposit (2 Mt @ 6-11 % Pb, 2.5 % Zn, 300-500 g/t Ag; Parr, 1992), and hundreds of 
minor Broken Hill-type (BHT) deposits (Barnes et al., 1983).  They are unrelated to sulfide mineralization in 
many locations in the SCP (Figs. 1 and 2).    
 BHT deposits are metamorphosed, stratabound concentrations of Pb-Zn-Ag characterized by the spatial 
association of sulfides with various Fe-, Mn-, Ca-, Si-, and Zn-rich rocks including garnetite (> 80% garnet; 
Spry and Wonder, 1989), quartz garnetite, pyroxenoid-rich rocks, gahnite-rich rocks, and iron formation (e.g., 
Walters, 1996; Walters, 2001).  However, the origin of these rocks remains a subject of considerable debate due 
to the structural and metamorphic complexity of the SCP.  Although the geology and geochemistry of garnet-
rich rocks in the Broken Hill deposit have been a focus of attention (e.g., Richards, 1966; Stanton, 1976a; Jones, 
1968; Plimer, 1984; Spry and Wonder, 1989; Lottermoser, 1989; Spry et al., 2000; Mavrogenes et al., 2001; 
Frost et al., 2002, Plimer, 2006; Spry et al., 2006), garnet-rich rocks elsewhere in the SCP, particularly in the 
Olary Domain has received limited attention (Laffan, 1994; Pierini, 1994; Bierlein, 1995; Lottermoser and 
Ashley, 1996)  
In this contribution, we present major and trace element [including rare earth elements (REEs)] 
compositions of garnet-rich rocks from eight sites (Cathedral Rock, Meningie Well, Mutooroo, Iron Blow, 
Weekeroo, Doughboy, Polygonum, and Thunderdome) in the SCP (Fig. 2).  In addition, trace element 
compositions of garnet-rich rocks and REE compositions of garnet-pyroxenoid rocks from Broken Hill are 
included here.  The major and REE compositions of the garnet-rich rocks from Broken Hill were discussed 
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previously by Spry et al. (2006) and are here combined with other trace element compositions and further 
investigated.  Part of the rationale for studying the garnet rich rocks from the Olary Domain is because they 
were metamorphosed to amphibolite facies (Cathedral Rock, Meningie Well, Weekeroo, Doughboy, 
Polygonum, and Thunderdome).  These conditions contrast to the granulite facies metamorphism that affected 
the Broken Hill, Iron Blow, and Mutooroo deposits.  It was hoped that the rocks in the Olary Domain may have 
preserved primary features at these lower metamorphic grades.  The objectives of this research are to evaluate:  
1. Possible precursor phases and the source of the components to garnet-rich rocks from the SCP; 2. 
Geochemical differences between garnetite and quartz garnetite from the Broken Hill deposit and garnet-rich 
rocks from other sites in the SCP; 3. Processes and conditions of formation of the various garnet-rich rocks; 4. 
The effects of alteration and shearing on the geochemistry of garnet-rich rocks; and 5. Potential guides in the 
exploration for BHT deposits in the SCP. 
 
2. Geological setting 
2.1. Regional geological setting  
The Broken Hill Domain in western New South Wales and the Olary Domain in eastern South 
Australia form a contiguous block referred to as the southern Curnamona Province (Fig. 1).  It is dominated by 
rocks of the Paleoproterozoic Willyama Supergroup, which hosts stratabound BHT deposits, and various 
garnet-rich rocks (Fig. 2).  The Willyama Supergroup consists of an approximately 7 km thick package of poly-
deformed and metamorphosed clastic sediments, lesser bimodal volcanic and volcaniclastic rocks, minor 
chemical sediments (garnet- and gahnite-rich rocks, banded iron formation (BIF), tourmalinite, and 
metadolomite) and granitoid intrusive rocks (Willis et al., 1983; Stevens et al., 1983, 1988; Burton, 1994).  The 
sedimentary succession was deposited during the deepening of an intracontinental rift system (Willis et al., 
1983; Page et al., 2005b).  Rocks in the Olary Domain formed near the margin of the rift in a shallow (playa 
lakes and evaporitic deposits) environment, whereas the Broken Hill deposit, which occurs in the Broken Hill 
Domain, formed in the deep central part of the rift (e.g., Cook and Ashley, 1992; Conor and Page, 2003).   
Depositional ages of the Willyama Supergroup are ~1720-1640 Ma, with the Broken Hill Group, 
which hosts the Broken Hill deposit, having formed at ~1695-1685 Ma (Page and Laing, 1992; Page et al., 
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2003; Page et al. 2005a, b).  Stratigraphic correlations between the Broken Hill and Olary Domains, which are 
based on field relations and SHRIMP U-Pb zircon analyses (e.g., Conor, 2000a, b; Page et al., 2003; Conor and 
Page, 2003; Page et al., 2005a, b) are shown in Figure 3.   
The generally accepted view is that the Willyama Supergroup was subjected to at least three periods of 
deformation (D1 to D3) (Laing et al., 1978; Willis et al., 1983; Gibson, 2000), although Plimer (2006) reported 
five periods of deformation (D1-D5).  D1 is manifested as a penetrative schistosity and as rare isoclinal folds 
(Laing et al., 1978).  D2 and D3 fabrics, which are inseparable within the interval 1597 ± 3 to 1591 ± 5 Ma (Page 
et al., 2005b), are related to the development of mesoscopic folds.  Metamorphic conditions reached granulite 
facies near Broken Hill and declined towards the north in the Broken Hill Domain (middle amphibolite facies) 
and to the west-northwest in the Olary Domain (upper greenschist-lower amphibolite facies) (Phillips, 1980).  
Estimates of peak temperature and pressure are 450-550 °C and 4-5 kb for the Olary Domain (Clarke et al., 
1987), and 700-800 ºC and 5-6 kb (Phillips, 1980) for the Broken Hill Domain.  P-T conditions of > 850 ºC and 
5-7 kb were proposed by Frost et al. (2005) away from the mine area.   
The Broken Hill Pb-Zn-Ag deposit is ~8km long and consists of at least six separate orebodies (refered to 
as lodes or lenses) which possess unique gangue mineralogy and metal ratios.  From the stratigraphic base to the 
top: C, B, and A lodes are characterized by Zn > Pb, whereas 1, 2, and 3 lenses show Pb > Zn.  The Mn/Fe ratio 
is higher in 2 and 3 lenses relative to C and B lodes.  The deposit is intimately associated with a package of 
rocks that Johnson and Klingner (1975) referred to as the “lode horizon.”  It consists of quartz garnetite, 
garnetite, blue quartz-gahnite lode, and lode pegmatite.  Blue quartz-gahnite (ZnAl2O4) lode and quartz 
garnetite are the two most common rock types spatially associated with minor BHT deposits (Barnes et al., 
1983; Barnes, 1988; Burton, 1994).  Garnetite is generally rare in the Olary Domain and lode pegmatite is 
relatively uncommon outside of the "Mine Sequence" at the main Broken Hill deposit.  Garnet, gahnite, and 
pyroxenoids (wollastonite, rhodonite, and bustamite) are common gangue minerals in ore at Broken Hill but the 
pyroxenoids are rare in minor BHT deposits in the SCP having only been reported in the Little Broken Hill and 
Laurel area (Burton, 1994; Plimer, 2006).  Most authors consider the Broken Hill deposit to have formed by 
exhalations or inhalations of hydrothermal fluids on the rift floor (e.g., Stanton, 1976b; Willis et al., 1983; Parr 
and Plimer, 1993; Spry et al., 2000; Parr et al., 2004).  However, White et al. (1995), Rothery (2001), and 
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Roache (2004) suggested that it formed in conjunction with structural events associated with high-grade 
metamorphism.   
 
2.2. Local geological setting and petrography of garnet-rich rocks 
Garnet-rich rocks occur at various stratigraphic levels in the Willyama Supergroup (Table 1).  In the 
Broken Hill Domain, the Broken Hill deposit and small BHT deposits (Dingo Ridge, Two Mile Ridge, 
Horseshoe Ridge, Emu Ridge and Berta Tank) at Mutooroo occur within the Broken Hill Group in 
metapsammites and metapelites, whereas the Iron Blow BHT deposit occurs lower in the stratigraphic sequence 
in metasedimentary rocks of the Thorndale Composite Gneiss of the Thackaringa Group.  Garnet-rich rocks in 
the Olary Domain at Cathedral Rock, Meningie Well, Polygonum, and Thunderdome are located in the Saltbush 
Subgroup of the Strathearn Group, which Page et al. (2005a) considered to be equivalent to the Sundown Group 
and possibly the Broken Hill Group of the Broken Hill Domain.  The Ethiudna Subgroup and the Wiperaminga 
Subgroup of the Curnamona Group host garnet-rich rocks at Weekeroo and Doughboy Well, respectively.   
Garnet-rich rocks are conformable to lithological bedding in surrounding metasedimentary rocks and 
are spatially associated with sulfides at the Polygonum (Zn-Pb-Ag, Cu-Au), Thunderdome (Zn-Pb, Cu-Au), 
Mutooroo (Pb-Zn-Ag), Doughboy (Cu), and Iron Blow (Cu-Au (Ag), Pb-Zn) prospects.  A spatial association 
also occurs between garnet-rich rocks and amphibolite at Broken Hill, Iron Blow, Polygonum, Thunderdome, 
Doughboy, and at Mutooroo.  The close proximity of exhalites to felsic and/or mafic volcanic rocks was 
previously noted by Conor (2003) at Doughboy, Cathedral Rock-Meningie Well, and Weekeroo.  
A summary of the main geological characteristics as well as the mineralogy of the garnet-rich rocks of 
each site is presented in Table 1 and summarized here.  Detailed descriptions of quartz garnetite and garnetite at 
Broken Hill have previously been made by Spry and Wonder (1989), Plimer (2006), and Spry et al. (2006) and 
are not repeated here.  The laterally most extensive unit of quartz garnetite in the Olary Domain is that at 
Cathedral Rock, is boudinaged, and extends intermittently for approximately 1.3 km in several horizons, up to 2 
m wide, inter-layered with psammopelites and andalusite-schists.  Discontinuous pods of amphibolite occur in 
contact with and, in places, cross-cut the garnet-rich horizon.  Pierini (1994) considered the amphibolite to be an 
intrusive mafic sill.  A yellow plagioclase-bearing garnet-rich rock and a piemontite-garnet-bearing rock occur 
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within the Saltbush Subgroup stratigraphically below the main quartz garnetite horizon.  Samples of quartz 
garnetite contain quartz, garnet, and minor amounts of Mn-rich ilmenite, biotite, and secondary chlorite.  Quartz 
garnetite is massive or laminated and the garnets are equigranular, small (up to 0.7 mm in diameter), and 
contain minute inclusions of quartz (Fig. 4a).  Some samples contain garnet that was partially replaced by 
chlorite whereas others were sheared with garnets showing evidence of comminution. 
  Garnet-rich rocks at Meningie Well occur ~7km from the garnet-rich rocks at Cathedral Rock.  The 
most common rock types are a garnet-grunerite rock, a grunerite-rich rock, and a magnetite-grunerite rock, 
which crop out in a sequence of metapsammopelitic schists.  The rocks are massive to banded and consist of 
varying proportions of Fe-Mn garnet and Mn-bearing grunerite and minor quartz.  At Iron Blow, garnet-rich 
rocks form lenses in a sequence of psammopelitic and psammitic gneisses, pegmatite, chlorite schist, 
amphibolite, BIF, quartz-magnetite rock, and quartz-gahnite rock (Leyh et al., 1992).  The lode zone, which 
contains sulfide-bearing quartz garnetite, is dominated by blue quartz garnet-gahnite lode and BIF.  Garnet-rich 
rocks contain quartz, coarse-grained garnet (up to 1.6 mm), and ilmenite, accessory to trace biotite, trace 
monazite, and minor retrograde chlorite.  At Mutooroo, garnet-rich rocks are found in a sequence of rocks that 
resemble the lode horizon at Broken Hill in that blue quartz-gahnite-garnet rock, quartz garnetite, and garnetite 
occur in a sequence of psammitic and pelitic schists, amphibolite, and garnet-bearing quartzo-feldspathic gneiss 
(so called “Potosi Gneiss”).  The sequence of rocks at Mutooroo is complexly folded causing the lode rocks to 
be up to 45 m thick.  Quartz garnetite and rare garnetite, in places, occur in direct contact with blue quartz-
gahnite-garnet rocks (Conor and Crooks, 2003).  Garnet-rich rocks from Mutooroo are massive, fine- to coarse-
grained and consist of quartz and garnet (up to 5 mm in diameter) with base metal sulfides locally abundant 
(Fig. 4b).   
Samples of garnet-bearing rocks from Doughboy contain a variety of minerals including quartz, garnet, 
biotite, muscovite, K-feldspar, plagioclase, fluorite, carbonate, ilmenite, and gahnite.  Garnet is medium-to 
coarse-grained (up to 3.2 mm) and generally devoid of mineral inclusions.  At Weekeroo, garnet-amphibole and 
garnet-amphibole-calcite rocks form lenses (50-100 m by 30-40 m) within a sequence of metapsammitic schist, 
calcsilicate, amphibolite, and breccias.  The rocks contain coarse-grained (up to 3.5 mm, Fig. 4c) zoned garnet, 
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Mn-bearing grunerite, ferroactinolite/hornblende, accessory carbonate (not analyzed) included in amphibole, 
quartz, and ilmenite, minor feldspar, trace apatite and titanite, and retrograde epidote.   
At the Polygonum prospect, millimeter-to-centimeter scale laminations of garnet are intercalated with 
finely laminated psammopelitic phyllite (Figs. 4d, e).  The garnet-bearing rock occurs stratigraphically above 
and below an amphibolite.  The garnet-quartz laminae contain, locally, accessory to abundant amounts of 
biotite, muscovite, and gahnite.  Garnets show annelar arrangements and very dark cores (Fig. 4f).  Small 
garnet-rich ptygmatic veins locally crosscut bedding in psammopelitic and pelitic phyllite.  At Thunderdome, 
bands of quartz garnetite, garnetite, and magnetite-bearing quartz garnetite up to 15 cm thick occur in a 
sequence of metapsammopelitic rocks, BIF, calc-silicate rocks, and amphibolite (Leyh and Conor, 2000; Tonui 
et al., 2003).  The garnet-rich bands are wider and the garnets coarser (up to 1 mm in diameter) than those in 
garnet-rich rocks at the Polygonum prospect (Fig. 4g).  The psammitic layers that are spatially associated with 
the garnet-rich rocks contain quartz, biotite, garnet, gahnite, sphalerite, galena, chalcopyrite, pyrite, and 
pyrrhotite.  Finally, Figure 4 shows an example of a well layered to laminated quartz garnetite and poorly 
layered massive garnetite with hedenbergite veins froms Broken Hill. 
 
3. Sampling procedure and analytical methods 
Garnet-rich rocks were collected from surface locations at Cathedral Rock, Meningie Well, Mutooroo, 
Iron Blow, Doughboy Well, Weekeroo, a BIF was collected south of the Broken Hill mine, whereas those from 
Polygonum and Thunderdome prospects were obtained from diamond drill holes IN2B and PO2, respectively.  
Samples from Broken Hill were collected from underground locations and various drill holes. 
Samples were made into polished-thin sections and polished sections, and petrographic analysis was 
performed with an Olympus BX-60 dual reflected-transmitted light microscope.  Major and trace element 
(including REEs) compositions of 57 samples from Cathedral Rock, Mutooroo, Iron Blow, Polygonum, 
Thunderdome, Weekeroo, Meningie Well, and Doughboy, as well as 40 samples from Broken Hill were 
obtained from ACME Analytical Laboratory (AAL), Vancouver, Canada.  REE compositions of 2 garnet-
pyroxenoid samples from Broken Hill were also collected.  Major oxides and several minor elements, REE and 
refractory elements were determined by inductively coupled plasma (ICP)-emission spectrometry following a 
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lithium metaborate/tetraborate fusion and dilute nitric digestion.  Loss on ignition (LOI) was obtained by weight 
difference after ignition at 1000°C.  Total carbon and sulfur contents were derived by Leco analysis.  In 
addition, precious and base metals were determined by ICP-mass spectrometry from a separate 0.5 g split 
digested in aqua regia.  Standards used by AAL are accurate to within ±5 ppm for the trace elements and to 
within ±2 % for major elements.   
 
4. Geochemistry of garnet-rich rocks 
Major and trace element (including REEs) compositions of garnet-rich rocks from minor occurrences 
in the SCP and the Broken Hill deposit are given in Tables 2 and 3 (Appendices 1 and 2), respectively. 
 
4.1. Major element geochemistry and Co, Ni, and Cu  
Garnet-rich rocks in the SCP are dominated by Mn, Fe, Si, Al, and Ca.  Away from the Broken Hill 
deposit the MnO content of garnet-rich rocks varies from 0.2 wt. % MnO at Iron Blow to 18.1 wt. % MnO at 
Cathedral Rock.  One sample of garnetite from Broken Hill contains up to 26.40 wt. % MnO.  Fe/Mn ratios in 
garnetite and quartz garnetite from Broken Hill range between 0.3 (garnetite) and 13.5 (quartz garnetite), 
whereas those in garnet-rich rocks from elsewhere in the SCP range from 1.3 (Thunderdome) to 69.2 (Iron 
Blow).   
A triangular plot in terms of Ca-Fe-Mn shows that most garnet-rich rocks in the SCP plot close to the 
Fe-Mn join but a few samples are enriched in Ca, especially a piemontite-rich rock from Cathedral Rock and 
three ferroactinolitic hornblende-garnet-carbonate rocks from Weekeroo (Fig. 5).  Garnet-hedenbergite rocks 
from A lode in the Broken Hill deposit are also enriched in Ca.  Böstrom (1973) utilized an Al-Fe-Mn diagram 
to distinguish among hydrogenous, detrital, and hydrothermal inputs to the protolith of Mn-rich metalliferous 
sediments in the marine environment.  Boström considered that Fe and Mn are of hydrothermal origin whereas 
Al is essentially detrital.  Figure 6 shows that garnet-rich rocks from the SCP contain both hydrothermal and 
non-hydrothermal components and about the same proportions of both.  Garnetite from Broken Hill is generally 
more enriched in Mn than quartz garnetite fron the deposit and those rocks from elsewhere in the SCP (Fig. 6a).  
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The relative proportions of Al, Fe, and Mn in garnet-rich rocks from the SCP are similar to those of Fe-Mn 
hydrothermal sediments from the Pacific Lau Basin (Cronan and Hodkinson, 1997) and diagenetic and 
hydrothermal sediments from the East Pacific Rise and the Red Sea (Marchig et al., 1982) (Figs. 6a, b).  A high 
proportion of hydrothermal components (Fe, Mn) relative to hydrogenous (Co, Ni, Cu; Bonatti et al., 1972) 
components to the precursor phases is indicated by the low Co+Ni+Cu content of garnet-rich rocks in the SCP 
(Figs. 7a, b). 
Another diagram that Boström (1973) developed plots Al/(Al+Fe+Mn) versus Fe/Ti with the 
assumption that Ti is detrital in origin.  Garnet-rich rocks in the SCP away from Broken Hill show values of 
Al/(Al+Fe+Mn) that range from 0.1 to 0.6, with most samples exhibiting values between 0.2 to 0.3 
(approximately 45 to 60% hydrothermal input in the rocks) (Fig. 8a).  Garnetite from Broken Hill shows lower 
Fe/Ti ratios than those of quartz garnetite from the deposit and other rocks in the SCP.  A monominerallic 
grunerite rock and garnet-grunerite rocks from Meningie Well, three garnet-amphibole rocks from Weekeroo, 
and BIF samples near Broken Hill show values of Al/(Al+Fe+Mn) < 0.2 suggesting hydrothermal inputs of at 
least 80%.  As would be expected, metasedimentary rocks from Broken Hill and Cathedral Rock show the 
highest values (0.5 to 0.7) of Al/(Al+Fe+Mn) reflecting a high detrital input in the rocks (Fig. 8b).  Some 
samples from Cathedral Rock (samples CatR1, CatR2, and CatR04-6A, 21, and 23) and one from Mutooroo 
(sample M7A) show very high Fe/Ti ratios.  These rocks have very low Ti contents but samples CatR04-21, 23, 
6A, and M7A show signs of brittle shearing.   
 
4.2. Trace element geochemistry 
4.2.1. Rare earth elements 
REE patterns of garnet-bearing rocks from the SCP are shown in Figures 9a-l, whereas those from 
hydrothermal Mn oxides and hydrogenetic Fe-Mn crusts, metalliferous and hydrothermal sediments, 
stratabound Mn oxides, black and white hydrothermal fluids and their chemical precipitates, and seawater from 
the literature are also shown for comparative purposes (Figs. 9m, n).   
Chondrite-normalized REE patterns of garnet-rich rocks in the SCP away from the Broken Hill deposit 
generally show light REE (LREE) depletion, heavy REE (HREE) enrichment, flat to decreasing HREE trends, 
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and negative (Eu/Eu* < 1) Eu anomalies (Figs. 9a-h).  An exception to these patterns include a garnet-rich rock 
from Cathedral Rock (sample CatR04-23), which shows a small (Eu/Eu* = 1.06) positive Eu anomaly.  This 
particular sample, which is composed of quartz, garnet, accessory biotite, trace Ca-plagioclase, and secondary 
chlorite shows brittle shearing and comminution of garnet.  Most garnet-rich rocks from Mutooroo and Iron 
Blow show HREE enrichment, convex-shaped patterns from Eu to Ho, or decreasing HREEs, and pronounced 
negative Eu anomalies (Figs. 9a, b).  One sample from Mutooroo (M7A) shows an increase in HREEs from Eu 
to Lu whereas another one (M4G) shows a flat pattern with a small positive Eu anomaly.  Garnet-bearing rocks 
from Doughboy contain among the highest total amount of REEs for samples analyzed here from the SCP (up 
to 1000 times chondrite; Fig. 9h).  Sample Doughb15 shows low REE contents, a flat REE pattern, and a small 
positive Eu anomaly.  A plot of Eu/Eu* vs. Ce/Ce* shows that Ce anomalies are very close to 1 in all the garnet-
rich rocks (Fig. 10). 
 
4.2.2. Y/Ho and Zr/Hf ratios 
In evaluating the controls on the fractionation of isovalent trace elements in magmatic and aqueous 
systems and their various precipitates (chemical sediments and hydrothermal minerals), Bau (1996) showed that 
elements of similar charge and radius, such as the Y-Ho and Zr-Hf twin pairs, should display coherent behavior 
and retain their respective chondritic ratios [so-called “CHArge and RAdius Controlled” (“CHARAC”) 
behavior].  Basic to intermediate igneous rocks show CHARAC behavior whereas non-CHARAC behavior 
occurs in seawater, hydrogenetic Fe-Mn crusts, and hydrothermal vein fluorite (Fig. 11).  Non-CHARAC 
behavior is typically produced by chemical complexation of high field strength elements with a wide variety of 
ligands such as non-bridging oxygen, F, B, and P (Bau, 1996).  Precambrian shales also plot within the 
CHARAC field of Bau (1996) who suggested that their Y/Ho and Zr/Hf ratios reflect those of their source 
rocks.  
Garnet-rich rocks from SCP plot within the CHARAC field whereas two garnetites, a garnet-
cummingtonite-rhodonite rock, and a BIF from Broken Hill, as well as a quartz-garnetite from Mutooroo, most 
garnet-amphibole rocks from Meningie Well, five samples from Cathedral Rock, one sample from Iron Blow, 
and one sample from the Polygonum prospect plot close to, but outside of, the CHARAC field.   
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5. Statistical analysis 
Interelement correlations and discriminant analysis were obtained for Mn, Fe, Al, Si, REEs, and trace 
metal contents on quartz garnetite and garnetite from Broken Hill (Figs. 12a, b), and garnet-quartz rocks from 
Cathedral Rock, Mutooroo, and Iron Blow (Fig. 13) utilizing the software S-PLUS.  Samples from Meningie 
Well and Weekeroo were not included in the discriminant analysis because the samples are dominated by 
amphibole and garnet rather than quartz and garnet, whereas those from Polygonum and Thunderdome were 
excluded because the garnet-rich rocks consist of very thin laminations in predominat metasedimentary rocks.  
The result of a discriminant analysis given as average contents of each element or oxide is shown in Table 6.  
Complete correlation matrices are given in Appendix 1 of Heimann (2006). 
 
6. Discussion 
6.1. The origin of garnet-rich rocks 
The origin of garnet-rich rocks at Broken Hill is the subject of considerable debate with views 
centering on three main concepts: 1. Metamorphism of Mn-rich exhalites mixed with aluminous detrital/pelagic 
sediments (e.g., Richards, 1966; Stanton, 1976a; Plimer, 1984; Spry and Wonder, 1989; Lottermoser, 1989; 
Spry et al., 2003; Plimer, 2006); 2. Syn- to post-peak metamorphic/metasomatic interaction of Mn between the 
deposit and the aluminous wall rocks (e.g., Jones, 1968; Hodgson, 1975; Prendergast et al., 1998); and 3. 
Reaction between partially molten Mn-rich sphalerite in the lodes and the pelitic wall rocks during peak 
metamorphism (Frost et al., 2002, 2005; Mavrogenes et al., 2004).  
Laminations in garnetite and quartz-garnetite in the SCP including the Broken Hill deposit parallel 
bedding in intercalated psammopelitic and pelitic rocks (e.g, at Polygonum, Thunderdome, and Broken Hill; 
Fig. 4).  Although banded and massive varieties of garnetite and quartz garnetite occur in ore at Broken Hill 
they also occur stratigraphically above sulfides or along strike from ore.  They also occur in the mine sequence 
at Broken Hill (e.g., Consolidated Broken Hill) parallel to bedding but isolated from sulfides.  The second and 
third conceptual models given above require Mn within the sulfide deposit to have reacted with the aluminous 
wall rocks at some time during the prograde/retrograde metamorphic history.  Clearly, this need not be the case 
since Mn-rich garnet rocks are found throughout the SCP unrelated to sulfides.  However, there is little doubt 
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that the volumetrically minor, so-called “remobilized quartz garnetite” and “garnet envelope” of Spry and 
Wonder (1989) formed during D3, since they are either spatially associated with D3 quartz veins or show 
stringers of garnets that parallel the D3 schistosity in spatially related retrograde shear zones (Plimer, 2006; Spry 
et al., 2006).  Additional evidence in support of an exhalative origin for the massive and banded varieties of 
garnetite and quartz garnetite at Broken Hill includes the gradation of garnetite into amphibolite and garnet 
amphibolite (Plimer, 2006) and the remarkably similar mineralogical, chemical, and textural characteristics of 
BIF in the Broken Hill area, which is a metamorphosed chemical sediment (Stanton, 1976a, b, c), and those of 
banded quartz garnetite and garnetite. 
 Although concerns relating to the partial melt model at Broken Hill are discussed elsewhere (Spry et 
al., 2005, 2006), it is noted here that the presence of garnet-rich rocks metamorphosed to greenschist-
amphibolite facies in the SCP cannot be explained by the partial melt model of Frost et al. (2002) and 
Mavrogenes et al. (2004) because a Mn-bearing partial melt required to form spessartine garnet in these rocks 
could not have formed since the metamorphic temperature was too low.  Furthermore, mass-balance 
considerations of the volume of garnet-rich rocks at Broken Hill relative to the amount of sphalerite in the 
orebodies would require the MnS content of sphalerite to be > 20 mole %, which has not been reported in any 
known sulfide deposit (Spry et al., 2005, 2006). 
Given the above mineralogical, textural, and structural considerations, the most likely scenario for the 
formation of conformable varieties of garnet-rich rocks in the SCP is that they formed by exhalative processes 
in which Fe–Mn-bearing hydrothermal fluids reacted with aluminous sediments of pelagic/detrital origin.  Such 
a scenario was previously envisioned by, for example, Richards (1966), Stanton (1976a), Plimer (1984), Spry 
and Wonder (1989), Lottermoser (1989), Parr and Plimer (1993), Spry et al. (2000, 2006), and Plimer (2006), 
for the origin of garnetite and massive and laminated varieties of quartz garnetite at Broken Hill. 
Assuming that garnet-rich rocks in the study sites in the SCP formed in this way, we further discuss the 
relative hydrothermal, hydrogenetic, and detrital contributions to the protoliths, physicochemical characteristics 
of the hydrothermal fluids as dictated by bulk rock (particularly REE, Fe, and Mn) compositions, possible 
precursor phases to the garnet-rich rocks, and the way garnet-rich rocks can be used in the exploration for BHT 
deposits. 
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6.2. Hydrothermal, hydrogenetic, chemical, and detrital contributions to the protolith 
The major element composition and Cu-Co-Ni content of garnetite and quartz garnetite in the SCP 
plotted in Al-Fe-Mn, Fe-Mn-[(Cu+Co+Ni)x10], and Fe/Ti versus Al/(Al+Fe+Mn) diagrams show that there is a 
roughly equal amount of hydrothermal and detrital components in the protolith with a relatively minor 
hydrogenetic contribution (Figs. 6, 7, 8).  This conclusion was also reached by Spry et al. (2000), who plotted 
the composition of a more limited number of garnetite and quartz garnetite samples from Broken Hill in similar 
discrimination diagrams.  Although BIF from Broken Hill and garnet-grunerite rocks from Meningie Well and 
Weekeroo show a higher hydrothermal component (> 80%) than garnetite and quartz garnetite, one garnet-
amphibole rock from Weekeroo that also contains epidote, calcite, and has a high Ca content shows a 
considerably higher detrital component.  The rocks from Weekeroo and garnet-pyroxenoid rocks from Broken 
Hill are among the most Ca-rich garnet-bearing rocks in the SCP (Fig. 5) and may have contained carbonate 
mud in the protolith, similar to that described by Dubinin and Sval’nov (2000) for carbonate mud spatially 
associated with ferromanganese nodules in the Pacific Ocean.  The rocks with the highest detrital component 
include garnet-bearing rocks from the Polygonum prospect, piemontite-bearing rocks from Cathedral Rock, and 
sillimanite-bearing rocks from the SCP (Fig. 8).  These detrital-rich rocks bear considerable compositional 
resemblance to manganese-rich schists from Japan that were described by Grapes and Hashimoto (1978). 
Trace and major elements have been used as indicators of hydrothermal (Mn, Fe, S, Si, Ba, P, Pb, Cu, 
Zn, Ag, Au, As, Sb, Cd), hydrogenetic (seawater) (Mg, Ni, Co, W, Mn, P, Fe, Cu, Zr, Hf, Y, Nb, Th, Ta, Sc), 
detrital (Ti, Al), chemically precipitated carbonate (C, Ca, Mn), and diagenetic (addition of Mn) components to 
ocean floor metalliferous sediments and Fe-Mn oxides and crusts (e.g., Bonatti, 1975; Bau, 1996; Bau and 
Dulski, 1999; Hein et al., 2005).  Mn correlates positively with Al, Ca, P, V, Ga, Eu, Pb, Ag, Sn, Bi, Sb, and 
Eu/Eu* for samples of garnetite from Broken Hill, whereas Mn shows a positive correlation with Al, Ca, P, Sr, 
C, Y, Ga, Eu, HREEs, Ta, W, Nb, and Hg in samples of quartz garnetite (Figs. 12, 14).  Furthermore, for 
garnet-rich rocks elsewhere in the SCP, Mn correlates positively with Al, Ca, Na, Ga, Ba, Eu, Sb, and Eu/Eu* 
(Figs. 13, 14).  These correlations support the concept of a significant hydrothermal and detrital input to the 
protolith.  However, positive correlations between Mn and Ca (0.9) for garnetite at Broken Hill and garnet-rich 
rocks elsewhere in the SCP, and between Mn and Ca (0.6) and C (0.7) for quartz garnetite at Broken Hill 
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suggest that some of the precursor minerals were chemically precipitated Ca–Mn-rich carbonates.  This is 
consistent with the presence of Mn-bearing carbonates in the low-metamorphic grade rocks of the Olary 
Domain at Polygonum and Hunters Dam, which contain up to 9 wt. % MnO, and with the occurrence of calcite 
inclusions in garnet from Polygonum (Fig. 4).  Whether or not the positive correlation between Ca, Mn, and Pb 
in garnetite from Broken Hill means that one of the precursor minerals to garnetite was Pb-bearing carbonate 
remains unclear.  Although Pb was more than likely carried in the hydrothermal system as a Pb chloride 
complex, Pb may have subsequently combined with carbonate during diagenesis.   
The positive correlation between Mn and P for garnetite and quartz garnetite from Broken Hill may be 
explained by the sorption of P (hydrophosphates) from ocean water on Fe-Mn oxyhydroxides (Feely et al., 
1996; Dubinin and Sval’nov, 2000).  The presence of phosphate anions in the protolith of garnet-rich rocks in 
the SCP is similar to that which was observed in Fe-Mn metalliferous hydrothermal sediments, micronodules, 
and macronodules in the Pacific Ocean (Feely et al., 1996; Dubinin and Sval’nov, 2000).  Carbonate 
fluorapatite is present in the Broken Hill area (Stanton, 1976b) and is common in hydrothermal, hydrogenetic, 
and diagenetic Fe-Mn deposits (Hein et al., 1997).  
 
7. REEs and Y/Ho and Zr/Hf ratios as indicators of conditions of formation and fluid composition  
The immobility of REEs during high-grade metamorphism was advocated by Muecke et al. (1979), 
Taylor et al. (1986), and Bingen et al. (1996), and it is now widely accepted that the REE patterns of rocks do 
not show significant change during alteration or metamorphism unless the fluid to rock ratio associated with 
these processes is high (i.e., f/r > 100; Bau, 1993).  Bau (1993) showed that LREEs are easier to mobilize 
during alteration processes for high f/r ratios, compared to the HREEs, mainly because of the larger ionic radii 
of the LREEs, which causes the sorption strength of these elements to be weak.  Lottermoser (1989), Parr 
(1992), and Bierlein (1995) demonstrated that the effects of prograde and retrograde metamorphism in the SCP 
had little to no effect on the redistribution of REEs in meta-exhalites, including quartz garnetite and garnetite.  
Previous studies showed that REE patterns of exhalites (including garnet-rich rocks) proximal and 
distal to the Broken Hill deposit and elsewhere in the SCP were characterized by LREE enrichment, HREE 
depletions, no Ce anomalies, and positive and negative Eu anomalies (Lottermoser, 1989; Bierlein, 1995; 
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Lottermoser and Ashley, 1996; Heimann et al., 2004, 2005a, b; Spry et al., 2006).  Contrary to the proposal of 
Lottermoser (1989), Spry et al. (2006) showed that garnet-rich rocks in and adjacent (i.e. proximal) to the 
Broken Hill deposit do not necessarily show positive Eu anomalies.  In general, garnetite proximal to the 
Broken Hill deposit possesses a positive Eu anomaly whereas quartz garnetite shows a negative Eu anomaly, 
consistent with the patterns shown here and by Lottermoser and Ashley (1996) for garnet-rich rocks from other 
locations in the SCP (Fig. 9).  Garnet-rich rocks in the SCP with positive or negative Eu anomalies adjacent to 
sulfide mineralization were described previously by Parr (1992) for garnetite and quartz-garnetite adjacent to 
the Pinnacles deposit.  Patterns with positive Eu anomalies are similar to those of black and white smoker fluids 
from the Trans Atlantic Geotraverse (TAG) hydrothermal field, Mn hydrothermal oxides, low-temperature (39-
93 °C) hydrothermal fluids, and most iron formations, whereas those with negative Eu anomalies resemble 
patterns of hydrogenetic Fe-Mn crusts, Fe-Mn nodules, stratabound Mn oxides, metalliferous and hydrothermal 
sediments, detrital sediments, and garnet-rich rocks associated with minor amounts of sulfide mineralization 
(Fig. 9m-n; e.g., Colley and Walsh, 1987; Wonder et al., 1988; Mitra et al., 1994; Bau and Möller, 1993; Peter 
and Goodfellow, 1996; Cronan and Hodkinson, 1997; Middlewsworth and Wood, 1998; Bau and Dulski, 1999; 
Dekov et al., 2003; Dubinin and Sval’nov, 2000; Dekov and Savelli, 2004; Hein et al., 2005).   
There are several factors that control the REE distribution in hydrothermal fluids and the overall shape 
of the REE pattern in the associated chemical precipitate.  The patterns depend on competing complexation and 
sorption processes, the complexing agents present in the fluid, temperature, fO2 conditions, detrital input, the 
REE content of the fluid, the fluid to rock ratio, and the degree of fractionation between the fluid and the 
precipitating minerals (e.g., Bau, 1991).   
 
7.1. Complexation/sorption processes and complexing agents 
 Large et al. (1996) proposed that BHT mineralization was derived from high-salinity (Cl-rich) low-
temperature (100-250 °C), reduced, mildly acidic fluids.  In such fluids, they considered Zn and Pb to have been 
carried as ZnCl42- and PbCl3- ions.  Theoretical considerations by Wood (1990), Bau (1991), and Middlesworth 
and Wood (1998) indicate that the stability constants of aqueous chloride complexes with LREEs are higher 
than those associated with the HREEs.  This results in the REE pattern of the fluid having a La/Lu ratio > 1 and 
 31
no positive Eu anomaly.  Where positive Eu anomalies are present, Bau (1991) suggested they are the result of 
the REE composition of the fluid being governed by sorption processes rather than complexation processes, or 
due to miscalculations of stability constants and competing Fe and Al ions for chloride and fluoride complexes.  
In any case, if REEs, other than Eu, are not fractionated during the growth of Fe-Mn oxides, hydroxides, or 
carbonates (e.g., Humphris, 1998) from fluids dominated by chloride complexation, these precipitates will 
obtain the same pattern as the fluid and a La/Lu ratio > 1.  Due to the decrease in ionic radius from La to Lu, 
Coulomb’s law predicts that sorption onto mineral surfaces will be stronger for the smaller HREEs than for 
LREEs, further enhancing the tendency of the fluid to show La/Lu > 1 (Bau, 1991).  It follows that if 
fractionation of the REEs does not take place, Fe-Mn oxyhydroxides formed by precipitation from fluids in 
which REE patterns were dominated by sorption will also show La/Lu > 1.  Such ratios are observed in garnet-
rich rocks in the SCP and for Fe-Mn hydrothermal precipitates in marine environments (Fig. 9).  It can, 
therefore, be suggested that based on the shape of the REE patterns of the garnet-rich rocks, complexation with 
Cl species or sorption mechanisms may have governed the mobilization of REEs that formed their precursor 
phases. 
It was shown by Bau and Dulski (1995, 1999) and Bau (1996) that chondritic Y/Ho ratios are 
characteristic of hydrothermal fluids and precipitates dominated by REE complexation with chloride species, 
whereas non-chondritic Y/Ho values and fractionation of these elements takes palce when they are carried in 
solution as fluoride complexes.  Garnet-rich rocks from the SCP show Zr/Hf and Y/Ho values that range from 
25 to 44 and 26 to 45.3, respectively, although there is an outlier that corresponds to a garnet-amphibole rock 
from Meningie Well that shows a Y/Ho ratio of 4.  These compositions mostly fall within the CHARAC field 
(Zr/Hf = 26-46; Y/Ho = 24-34; Bau, 1996), with those having relatively high Y/Ho values (up to 45.3) and 
lying outside of the field being BIF and garnet-amphibole rocks from Meningie Well, BIF from Broken Hill, 
one garnet-pyroxenoid rock from Broken Hill, and sheared rocks from Cathedral Rock.  Those with low Zr/Hf 
ratios (down to 25) also correspond to sheared rocks from Cathedral Rock (samples CatR04-23 and 6A).  The 
seawater and hydrothermal vein fluorite fields of Bau (1996) also show Y/Ho ratios > CHARAC values 
suggesting contributions of either F-rich hydrothermal fluids or seawater to the protolith of the garnet-rich rocks 
with high Y/Ho ratios.  However, there is no evidence of considerable interaction between the protolith and 
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seawater in most garnet-rich rocks since Ce anomalies are essentially absent.  Chloride species are common in 
fluids derived from modern hydrothermal vents spatially associated with Mn-Fe precipitates (e.g., Red Sea, 
Bischoff, 1969; East Pacific Rise, Herzig and Hannington, 2000) and may explain the CHARAC behavior of 
most garnet-rich rocks.  However, it is noted here that fluorapatite is common in BIF and some samples of 
garnet-rich rock in the SCP.  The presence of fluoride species, in addition to chloride species, may account for 
the slightly high, non-CHARAC composition of some garnet-rich rocks, including the sheared and chloritized 
rocks from Cathedral Rock.  However, the other possible reason why most garnet-rich rocks show CHARAC 
compositions is that the clays that composed the original rock along with Fe-Mn precipitates likely possessed 
CHARAC compositions.  This concept is supported by the observation of Bau (1996) that both Phanerozoic and 
Proterozoic shales plot within the CHARAC field.  Garnet-rich rocks from Broken Hill that formed during D3 
(i.e., garnet envelope and remobilized quartz garnetite) also exhibit Y/Ho and Zr/Hf values that plot within the 
CHARAC field.  This may be expected because metamorphic fluids that formed these rocks were chloride-rich 
(Williams et al., 2005).  In addition, fluid inclusions in garnet and quartz contain up to seven daughter crystals, 
most of which are chlorides (Spry, 1978).   
 
7.2. Temperature, fO2 conditions, detrital contribution, and sorption and crystallographic controls 
Europium is affected by the T and fO2 conditions of the hydrothermal fluid.  As shown by Sverjensky 
(1984), Eu2+ will be more abundant in solution than Eu3+ at T > 250 °C (high-temperature vent fluids; 
Hannington et al., 1995, 2001) and for reduced conditions, whereas the opposite is true for T < 250 °C and 
oxidized conditions.  Lottermoser (1989) showed that exhalites located proximal to the Broken Hill deposit 
possessed REE patterns with positive Eu anomalies whereas those distal to the deposit showed negative Eu 
anomalies.  This relationship lead Lottermoser to speculate that exhalites proximal to the Broken Hill deposit 
formed at T > 250 °C from reduced fluids whereas those distal to the deposit formed  at T < 250 °C and at 
oxidized conditions by mixing with ambient seawater and detrital sediments.  Large et al. (1996) suggested the 
Mn-rich rocks formed from metalliferous brines between 100 and 250 °C (low- to intermediate-temperature 
venting; Hannington et al., 1995).  However, studies of garnet-rich meta-exhalites from the Pinnacles deposit by 
Parr (1992) showed that they possess both negative and positive Eu anomalies.  As is the case at Broken Hill, 
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garnet-rich rocks with positive Eu anomalies occur in or near the hanging wall of the Pinnacles deposit.  These 
data coupled with those obtained here, therefore, suggest that T and fO2 conditions are not the only factors that 
dictate the sign and size of the Eu anomaly.   
In a study of iron formation in the Bathurst Pb-Zn mining district, Peter and Goodfellow (1995) 
showed that the sign and the size of the Eu anomaly was dependent upon the relative contribution of 
hydrothermal and detrital components in the chemical precipitate.  Samples of iron formation with a high 
detrital component yielded a negative Eu anomaly whereas those with a high hydrothermal component 
produced a positive Eu anomaly.  However, the positive and negative Eu anomalies for garnetite and quartz 
garnetite in the SCP cannot be explained by differences in the relative contribution of detrital to hydrothermal 
components because a plot of Fe/Ti versus Al/(Al+Fe+Mn) (Fig. 8) shows that garnetite contains a lower 
hydrothermal (Fe/Ti) component than quartz garnetite.   
Three other factors that must also be considered when trying to explain the sign of the Eu anomaly in 
garnet-rich rocks relate to the relative sorption of Eu2+ onto manganese oxides/hydroxides/carbonates versus 
iron oxides/hydroxides/carbonates, the crystallographic control these minerals have on the concentration of Eu2+ 
within their structures, and the pH of the hydrothermal fluid.  Plimer (1979), Spry and Wonder (1989), and 
Large et al. (1996) showed that there is an overall increase in the Mn/Fe ratio of the ore from the stratigraphic 
footwall (C and B lodes) to the hanging wall (2 and 3 lenses).  This concept is supported by the composition of 
garnet-rich rocks that show the highest Mn/Fe ratios in samples from 3 lens relative to those in B and C lodes.  
Garnetite from 3 and 2 lens and A lode also contains higher Mn/Fe and (Mn+Ca)/Fe ratios than quartz garnetite 
and garnet-gahnite rocks from B and C lodes (Figs. 5, 6).  Furthermore, there is a strong positive correlation 
between Eu/Eu* and Eu (0.9), Mn (0.7), Ca (0.9), and Pb (0.8) in garnetite (Figs. 12, 14).  If Eu2+ showed 
stronger sorption on manganese oxides/hydroxides/carbonates in the protolith than on iron 
oxides/hydroxides/carbonates this may explain the positive Eu anomalies in samples of garnetite and the 
negative Eu anomalies in quartz garnetite.  Although the difference in sorption behavior of Mn and Fe oxides 
has been extensively studied (e.g., Nicholson and Eley, 1997), there is considerable debate concerning the REE 
sorption characteristics of Fe and Mn oxides (Bau, 1993).  Byrne and Kim (1990) and Koeppenkastrop and 
Carlo (1992) suggested that Mn and Fe oxides show similar sorption characteristics.  However, Alpin (1984) 
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proposed that Mn oxides are HREE enriched compared to Fe oxides whereas Varentsov et al. (1991) suggested 
the opposite.  Dubinin and Uspenskaya (2006) showed that Fe and Mn oxides contain different trace elements, 
including REEs.  In addition, a positive correlation between Eu/Eu* and P (0.7) in garnetite from Broken Hill 
suggests that apatite (and therefore Ca), may have contributed to the positive sign of the Eu anomaly.  We 
speculate that more Eu2+ may have been adsorbed onto the surfaces of manganese oxides/hydroxides/carbonates 
than onto iron oxides/hydroxides/carbonates.  Alternatively, since Eu2+ has a similar ionic radius to Ca and Mn 
than Fe, Eu2+ will preferentially substitute for Ca and Mn in the lattice of manganese 
oxides/hydroxides/carbonates in comparison to iron oxides/hydroxides/carbonates.  This would explain the 
strong positive Eu anomaly in Mn–Ca-rich rocks and the strong negative Eu anomaly in Mn-poor, Fe-rich 
rocks.  The pH of the hydrothermal fluid also has a significant effect on the sorption of Eu onto oxide and 
carbonate minerals (e.g., Nicholson and Eley, 1997; Raichur and Panvekar, 2002; Köhler et al., 2005; Decker et 
al., 2006).  Large et al. (1996) suggested that the pH of the ore fluids increases from the stratigraphic footwall to 
the hanging wall of the Broken Hill deposit.  Fluids that formed garnetite had a different pH value (possibly 
higher pH) than those that formed quartz garnetite.  
 
7.3. Fluid to rock ratios 
The precursors of garnet-rich rock were exhalative products that formed in a marine environment in 
which the fluid/rock ratios were low.  Such an environment contrasts to the high fluid/rock ratio regime 
involving garnet-rich samples from Cathedral Rock that were chloritized (CatR04-19) or sheared (CatR04-23 
and CatR04-21) during retrograde metamorphism.  Sample CatR04-19 contains the highest amount of REEs of 
any sample from Cathedral Rock as a result of the addition of minor amounts of unidentified LREE-bearing 
phases during retrograde metamorphism (Fig. 9c).  LREE enrichment during chloritization is consistent with the 
findings of Birch and Pring (1987) of synchysite, a LREE-rich Ca carbonate, in retrograded chlorite-rich 
samples.  The two sheared rocks contain the highest Au, Bi, Mo, V, Co, U, and As contents, the lowest total 
amount of REEs, and highest Y/Ho ratios of all the samples from Cathedral Rock (Table 2, Figs. 9c, 11).  
Sample CatR04-23 shows a small positive Eu anomaly, which may reflect the presence of the relatively high 
amount of Ca-rich feldspar in the rock (3 wt. % CaO).  Shearing and fracturing of samples CatR04-23 and 
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CatR04-21 allowed retrograde metamorphic fluids to migrate through them preferentially removing LREEs 
from the matrix and HREEs from the garnets, and depositing As, Au, Mo, U, Bi, Co, and Y presumably along 
grain boundaries (since no visible phases are present).  A similar enrichment of metals was identified by Bau 
(1993) in sheared and fractured samples of Paleoproterozoic BIF in the Hamersley Basin, Western Australia. 
 
8. Geological environment and precursors to garnet-rich rocks  
Parr and Plimer (1993) proposed that the Broken Hill deposit formed in the central part of a continental 
rift, which they referred to as the Broken Hill Rift.  In their model, they suggested that intrusion of high-level 
granites, basalts and felsic volcanic rocks into wet deeper water sediments produced a large hydrothermal 
system, similar to that operating in the Salton Sea.  They also proposed that the hydrothermal system at Broken 
Hill was driven by granitic sills.  More recently, Plimer (2006) called upon a setting similar to that at Lake 
Baikal.  Plimer argued that such a continental rift lake setting explains the absence of sulfates (including barite) 
in the deposit and Mg-dominated alteration.  The similarity between the REE patterns of the garnet-rich rocks at 
Broken Hill and hydrothermal precipitates in the Red Sea, East Pacific Rise (Parr and Plimer, 1993), Lau Basin 
and at TAG suggest that the ore fluids at Broken Hill were hot and reducing.  Lottermoser (1989) suggested that 
the REE patterns that exhibit negative Eu anomalies in the distal exhalites resembled those of manganese 
precipitates from the Romanche fracture zone.   
The likely geological setting for the Broken Hill deposit is that it is located near the center of the rift in 
an area of high hydrothermal discharge and high-temperature (250-300 °C), whereas minor BHT deposits, 
garnet-rich rocks unrelated to sulfide mineralization, and other meta-exhalites that were described by Bierlein 
(1995) and Lottermoser and Ashley (1996) formed from small moderate-temperature hydrothermal discharges 
on the flanks of the rift.  The upper limit of 300 oC is dictated by the paucity of Cu-bearing minerals in the 
deposit, based on metal solubility considerations.  Temperatures of approximately 300 °C and above are 
necessary to transport and dissolve significant amounts of Cu (Seyfried and Ding, 1995).  Such a temperature 
regime is inconsistent with the 100-250 °C range proposed by Large et al. (1996).   
Bierlein (1995) showed that exhalites from the Olary Domain associated with sulfide mineralization 
exhibit relative small Eu anomalies and lower REE contents compared to exhalites from Broken Hill.  Bierlein 
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(1995) considered that the REE patterns and Eu anomalies were independent of mineralogy and reflected 
physicochemical conditions of the hydrothermal fluid, which in turn, were dependent upon the lateral and 
vertical distance from the discharge area.  He suggested that the negative Eu anomalies exhibited by magnetite-
quartz iron formations from the Olary Domain indicate that they formed distal to a hydrothermal vent from 
fluids that were lower in temperature and more oxidized than those that generated the Broken Hill deposit.  
Such fluids apparently accounted for the absence of Broken Hill size orebodies in the Olary Domain.  However, 
it should be noted that barite-bearing iron formations possess positive Eu anomalies, clearly indicating that the 
positive or negative sign of the Eu anomaly is, at least in part, dependent on the mineralogy and composition of 
the minerals in the exhalite.  Magnetite-quartz rocks are deficient in Eu and show a negative Eu anomaly 
because of lower sorption of Eu into Fe-rich minerals or because magnetite preferentially discriminates against 
Eu2+ (Bau, 1993).  Ba, on the contrary, has an affinity for Eu. 
The garnet-rich rocks studied here from the Olary Domain vary from quartz garnetite to amphibole-
bearing quartz-garnet rocks to amphibole-garnet-carbonate rocks, the latter of which resemble silicate facies 
iron formations.  In general, garnet-rich rocks in the Olary Domain and elsewhere in the SCP away from Broken 
Hill show higher amounts of Fe, P, V, Co, Cs, Ni, and U and lower amounts of Mn relative to garnet-rich rocks 
in the Broken Hill deposit (Table 4).  The presence of higher Co and Ni in garnet-rich rocks away from the 
Broken Hill deposit and the paucity of these elements in the Broken Hill deposit indicate a higher hydrogenetic 
component to the protolith of garnet-rich rocks elsewhere in the SCP, especially at Cathedral Rock and 
Meningie Well.  The presence of thin laminations of garnet intercalated with abundant psammitic rocks at 
Polygonum and Thunderdome suggests a relatively low hydrothermal component to the overall rock package, 
which is consistent with their position on the margins of the rift basin or away from the locus of hydrothermal 
exhalation.  In this marginal rift setting, the fallout of the hydrothermal plume precipitates and mixes with 
terrigenous sediment and seawater, whereas in the center of the rift where the Broken Hill, Pinnacles and 
Mutooroo mineralization are located, the buoyant plume rapidly precipitates Fe oxyhydroxides and sulfides.  
The bulk of the precipitation of Mn oxides and oxyhydroxides in 2 and 3 lenses formed later due to kinetic 
reasons as the fluid cooled and oxidized in contact with ambient seawater (Spry and Wonder, 1989; Herzig et 
al., 1998; Herzig and Hannington, 2000).  The protoliths of the garnet-rich rocks from the sites away from 
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Broken Hill, particularly those in the Olary Domain, were probably deposited at slower rates compared to those 
at the center of the rift (e.g., Bonatti, 1975) and with a higher hydrogenetic contribution.   
Plimer (2006) proposed that the precursors to quartz garnetite at Broken Hill consisted of opaline 
silica, iron and manganese oxides/hydroxides, clays, Ca and Mg carbonates, and fluorapatite.  A similar set of 
minerals was previously suggested by Spry and Wonder (1989).  Stanton (1976a) proposed that pennantite 
[Mn5Al(Si3Al)O10(OH)8] was the major precursor phase of garnet-rich rocks.  However, Spry and Wonder 
(1989) ruled this out because the amount of pennantite required to form these rocks would be greater than that 
observed in nature. 
 
A reaction involving clays and Mn-bearing carbonate of the type: 
3MnCO3       +       Al2Si2O5(OH)4       +      SiO2       =      Mn3Al2Si3O12       +       3CO2       +       2H2O, (1) 
rhodochrosite      pyrophyllite            quartz        spessartine 
 
 was proposed by de Paoli and Pattison (2000) for the origin of spessartine-bearing rocks in the Sullivan Pb-Zn 
deposit and may be appropriate for the formation of the spessartine component of garnet in garnetite in the SCP. 
The presence of pyrophyllite, rather than kaolinite, would provide additional silica resulting in garnet and quartz 
as products in the reaction.  A reaction of this type may be appropriate for the formation of quartz garnetite: 
 
3MnCO3       +       Al2Si4O10(OH)2       =      Mn3Al2Si3O12       +      SiO2       +       3CO2       +       2H2O.  (2) 
rhodochrosite      kaolinite                 spessartine        quartz 
 
The formation of the assemblage spessartine-rhodonite in the Broken Hill deposit can be explained by a reaction 
of the type: 
 
4MnCO3     +     Al2Si2O5(OH)4     +    2SiO2     =    Mn3Al2Si3O12     +     MnSiO3     +     4CO2     +     2H2O. (3) 
rhodochrosite  pyrophyllite     quartz          spessartine  rhodonite 
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It should be stressed here that these idealized reactions only consider the Mn component of garnet and 
rhodonite.  Clearly, garnet and pyroxenoids at Broken Hill and garnet-rich rocks in other sites in the SCP also 
contain Fe and Ca.  Therefore, minerals like vernadite [(δ-MnO2)(Mn,Fe,Ca,Na)(O,OH)2.nH2O], and Ca-
manganosiderite [(Fe,Ca,Mn)CO3] may be more appropriate precursors.  Ca-manganosiderite and pyrophyllite 
were considered by Slack et al. (2000) as possible precursors to Mn-Fe-Ca garnet in coticule (quartz garnetite) 
in the Sullivan deposit.  In fact, Mn-rich calcite  and siderite (up to 9 wt. % MnO) are present in 
greenschist/amphibolite facies rocks from the Benagerie Ridge and Polygonum areas related to minor 
metasediment-hosted Zn mineralization, and calcite inclusions are preserved in poikilitic garnet at Polygonum 
(Fig. 4), supporting the concept that these minerals are possible precursors to garnet in the SCP.  
In modern hydrothermal environments, a spatial relationship among mafic rocks, Fe-Mn precipitates, 
and sulfide deposits occurs at the active TAG (e.g., Hannington et al., 1998) and the Red Sea (Hackett and 
Bischoff, 1973), as well as in most modern and ancient Mn hydrothermal deposits (e.g., Colley and Walsh, 
1987; Roy, 1992, 1997; Hein et al., 1997).  Mn and Fe are known to be derived by the alteration of oceanic 
basalt by hydrothermal fluids (e.g., Kimberley, 1989; Bühn and Stanistreet, 1997).  In addition, the dissolution 
of ferromagnesian minerals in basalts is the major source for Cu, Fe, Zn, Au, and S, whereas Pb is derived from 
the destruction of feldspar (Herzig and Hannington, 2000).  Furthermore, it is considered that the chemistry of 
the hydrothermal deposits is related to the composition of the source rocks (Herzig and Hannington, 2000).  
Compositional studies of amphibolites at Cathedral Rock by Pierini (1994) suggest that they are sub-
alkaline tholeiitic basalts characterized by high Fe enrichment (up to 20 wt. %) and low Mg contents.  They 
have compositions that resemble ocean island tholeiites and continental flood basalts (Pierini, 1994).  The Fe 
enrichment in them is similar to that of amphibolite proximal and distal to mineralization at the Broken Hill 
deposit, whereas the Mn content is similar to that of mafic gneisses found distal to Broken Hill (Pierini, 1994).  
At Broken Hill and in other minor Broken Hill-type deposits in the Broken Hill Domain, the spatial association 
among garnet-rich rocks, amphibolite, and sulfide mineralization is common (e.g., Phillips et al., 1985; Leyh et 
al., 1992).  Phillips et al. (1985) showed that along with rocks of felsic volcanic character, amphibolite was 
found restricted to stratigraphic positions equivalent to and below the Broken Hill deposit.  The source of Mn 
for the garnet-rich rocks is speculative but the clear spatial relationship between garnet-rich rocks and 
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amphibolite at Broken Hill, Thunderdome, Polygonum, Mutooroo, Iron Blow, Cathedral Rock, Meningie Well, 
and Weekeroo suggests that amphibolite was the likely source of Mn.  Mn contents in garnet-rich rocks in the 
SCP show a strong positive correlation with the amount of Eu and the size of the Eu anomaly, which is 
explained by the presence of plagioclase (the likely source of Eu) in amphibolite.  
 
9. Garnet-rich rocks as exploration guides 
Lottermoser’s (1989) observation of positive Eu anomalies in meta-exhalites proximal to the Broken 
Hill deposit prompted him to suggest that this geochemical feature can be used as an exploration guide to BHT 
deposits.  Positive Eu anomalies have also been described for garnet-rich rocks in the large BHT-type Zn-Pb 
Gamsberg deposit, the Pinnacles Pb-Zn-Ag deposit in the SCP, and in the Cannington Pb-Zn-Ag deposit (Parr, 
1992; Rozendaal and Stalder, 2001; Bodon, 1996).  Furthermore, the REE composition of hedenbergite-rich 
rocks reported in Schuler et al. (1993) and garnet-pyroxenoid rocks analyzed here from the Broken Hill deposit 
also show positive Eu anomalies.  This reinforces the proposal of Lottermoser (1989) and Rozendaal and 
Stalder (2001) that positive Eu anomalies in garnet-rich rocks and meta-exhalites can be used as exploration 
guides to BHT deposits.  However, it is also clear from the studies of Parr (1992), Spry et al. (2006), and the 
present study that meta-exhalites with negative Eu anomalies can also occur in and adjacent to high-grade 
sulfide mineralization.  The reasons for the occurrence of a negative Eu anomaly in any given meta-exhalite 
should be evaluated before that rock is eliminated from consideration as a guide to sulfides.  For example, those 
samples that are oxidized (i.e., contain magnetite), show high Fe/Mn ratios, or contain an unusually high detrital 
component will likely show a negative Eu anomaly but may have formed next to sulfides.  Quartz garnetite and 
garnet-gahnite-quartz rocks from the Broken Hill deposit, which have higher Fe/Mn ratios than garnetite in the 
Broken Hill deposit, show negative Eu anomalies.  Similarly, garnet-rich rocks from minor occurrences in the 
Olary Domain typically show negative Eu anomalies and high Fe/Mn ratios.    
The average composition of garnetite and quartz garnetite (combined) from the Broken Hill deposit 
show that they are more enriched in Mn, K, Rb, S, Ga, Cs, Eu, Sn, U, W, Cu, Pb, Zn, As, Cd, Sb, Ag, and Au 
relative to quartz garnetite from Cathedral Rock, Mutooroo, and Iron Blow.  While it is hardly surprising that 
these rocks are enriched in elements that form sulfides, sulfosalts, oxides, or native elements (Cu, Pb, Zn, As, 
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Sb, Ag, Au, Cd, Sn, U, W) in the Broken Hill deposit (Birch, 1999), the other elements Mn, K, Rb, Ga, Cs, and 
Eu, primarily occur in silicates, most of which formed as a result of the large hydrothermal system associated 
with ore deposition.  Thus, garnet-rich rocks should be analyzed for all 18 elements when exploring for BHT 
mineralization.  However, in terranes where base metal sulfides have yet to be found, enrichments in Mn, K, 
Rb, Ga, Cs, and Eu may serve as important guides to ore.   
 
10. Conclusions 
Major and trace element compositions of garnet-rich rocks from the SCP suggest they are 
metamorphosed impure chemical precipitates that originally consisted of approximately equal amounts of 
hydrothermal and detrital components with a minor contribution of hydrogenetic material (highest in rocks 
away from the Broken Hill deposit).  Garnet-rich rocks and spatially associated sulfide orebodies at Broken 
Hill, Pinnacles, and Mutooroo likely formed in the deeper, central regions of the Broken Hill Rift whereas the 
other garnet-rich rocks formed along the margins of the rift, some under shallow water conditions.  The Mn 
anomaly at Broken Hill and its presence in garnet-rich rocks throughout the SCP likely reflects the derivation of 
Mn from spatially related amphibolite.  All garnet-rich rocks are characterized by LREE enrichment, HREE 
depletions, and no Ce anomalies.  Garnetite and quartz garnetite from Broken Hill are characterized by positive 
and negative Eu anomalies, whereas all garnet-rich rocks (quartz-garnetite, garnet-amphibole rocks, 
monominerallic grunerite rock) from other sites in the SPC possess negative Eu anomalies.  Due to the positive 
Eu anomalies of garnetite and garnet-pyroxenoid rocks, their chemical precursors must have been carried in a 
hydrothermal fluid at T > 250 oC.  Garnet-rich rocks away from the Broken Hill deposit formed from cooler and 
more oxidized fluids.  The sign and size of the Eu anomaly in garnet-rich rocks in the SCP were less affected by 
the variability in the hydrothermal to detrital ratio of precursor phases but may have been largely influenced by 
the relative sorption properties and crystallographic controls of Mn oxides/oxyhydroxides/carbonates versus Fe 
oxides/oxyhydroxides/carbonates in the protolith.  Y/Ho and Zr/Hf ratios of most garnet-rich rocks  are  near 
normalized chondrite values (CHARAC compositions) reflecting the dominance of chlorine-bearing species in 
the Mn-bearing hydrothermal fluid and the composition of the detritus.  Some garnet-rich rocks (including 
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sheared rocks from Cathedral Rock, and BIFs) show a relatively high Y/Ho ratios (non-CHARAC  
compositions) indicating a higher contribution of fluorine-bearing species in the hydrothermal fluid.   
Garnet-rich rocks spatially associated with the Broken Hill deposit are enriched Mn, K, Rb, Ti, S, Ga, 
Cs, Eu, Sn, U, W, Cu, Pb, Zn, As, Cd, Sb, Ag, and Au relative to rocks that show no spatial relationship to 
sulfides or that are related to minor amounts of sulfides.  These elements along with the presence of a positive 
Eu anomaly in garnet-rich rocks constitute and exploration guide to BHT mineralization in the SCP, and 
possibly elsewhere.  
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Captions to figures and tables 
Figure 1.  General geological map showing the location of the study area in the southern Curnamona Province. 
 
Figure 2.  Geological map of the southern Curnamona Province showing the location of study sites and the 
Pinnacles deposit. 1. Meningie Well. 2.  Cathedral Rock. 3. Doughboy. 4. Weekeroo. 5. Mutooroo. 6. 
Polygonum. 7. Thunderdome. 8. Iron Blow (after Clark et al., 2004). 
 
Figure 3.  Stratigraphic correlation (and ages) between the Olary and the Broken Hill domains, Curnamona 
Province, Australia (after Conor, 2000a; Conor and Page, 2003). 
 
Figure 4.  Photomicrographs and slab photographs of garnet-rich rocks from the southern Curnamona Province. 
a. Garnet-quartz rock, Cathedral Rock. b. Very fine grained garnet-rich metapsammite, Dingo Ridge prospect, 
DRD01-226-232m, Mutooroo. c. Garnet-amphibole rock, Weekeroo. d. Garnet-rich laminations surrounded by 
metapsammopelite, Polygonum, IN2B-393.1m. e. Garnet-rich laminations showing garnets with annelar 
arrangements, Polygonum IN2B540.9m. f. Garnet with calcite inclusions, Polygonum, IN2B830.6m. g. Fine 
grained garnet-rich laminations in metapsammopelite, Thunderdome, DDHP2-633.9m. h. Well layered to 
laminated quartz garnetite and poorly layered massive garnetite with hedenbergite veins and late tension gash 
white quartz veins, DD8700-11-17.6m, A lode Composite, Broken Hill.  Abbreviations after Kretz (1983). 
 
Figure 5.  Ca-Fe-Mn ternary diagram of garnet-rich rocks from the southern Curnamona Province. 1 Data from 
Plimer (2006). Gah = gahnite. 
 
Figure 6.  Al-Fe-Mn diagram showing the field of hydrothermal sediments and the composition of garnet-rich 
rocks from the southern Curnamona Province, modern chemical precipitates and metalliferous sediments, and 
other garnet-rich rock occurrences from the literature (after Böstrom and Peterson, 1969). a. 1 Laffan (1994); 2 
Spry (1978); 3 Evans (2002); 4 Laffan (1994); 5 Plimer (2006); b. 6 Evans (2002); Hillam (1974); 7 Fechner 
(1996, Meningie Well); 8 Cronan and Hodkinson (1997); 9 Hein et al. (2005); 10 Hein et al. (2005); Alt (1988); 
11 Alt (1988); 12 Böstrom (1973); 13 Elliott et al. (1997); 14 Marchig et al. (1982); 15 Graves and Zentilli (1988, 
Nova Scotia); Dekate and Pimpalkar (1979); Ross (2005); 16 Grapes and Hashimoto (1978). 
 
Figure 7.  Fe-Mn-[(Co+Ni+Cu)x10] showing the compositions of garnet-rich rocks from the SCP, garnet-rich 
rocks from the literature, and modern chemical precipitates and metalliferous sediments (after Bonatti et al., 
1972). Data plotted are from: a. SCP, 1 Cronan and Hodkinson, 1987; 2 Evans (2002). b. SCP 1 include one 
garnet rock and four piemontite rocks from Fechner (1996); 2 includes Evans (2002); 3 Cronan and Hodkinson 
(1997); 4 Dymond et al. (1973); 5 Hein et al. (2005); 6 Alt (1988); 7 Bonatti (1975); 8 Georgia, Wonder et al. 
(1988); 9 Nova Scotia, Graves and Zentilli (1988).  IF = Iron Formation. Gah = gahnite. 
 
Figure 8.  Al/(Al+Fe+Mn) vs. Fe/Ti diagram of garnet-rich rocks and BIF from the southern Curnamona 
Province (SCP), modern Fe-Mn precipitates and hydrothermal sediments, and garnet-rich rocks from the 
literature. a. Garnet -rich rocks from the SCP and Broken Hill quartz garnetite and garnetite (after Böstrom, 
1973). Numbers indicate data from: 1 Fechner (1996); 2 Laffan (1994); 3 Spry (1978); 4 Evans (2002); 5 Hillam 
(1974); 6 Metalliferous, hydrothermal Fe-Mn sediments, Lau Basin, East Pacific, ODP 834-835, Cronan and 
Hodkinson (1997); 7 Active ridge sediments, East Pacific Rise (EPR), and average continental crust, Böstrom 
(1973); 8 EPR and Red Sea (RS) hydrothermal sediments, Marchig et al. (1982). b. SCP and data from 6, 7, 8, 
and: 9 EPR, Pacific pelagic and surface sediments, Bauer Deep (Böstrom, 1973) and Mariana arc sediments 
(Elliot et al., 1997), and Mn quartz schists from Japan (Grapes and Hashimoto, 1978); 10 Seamount massive 
sulfides (Alt, 1988) and Afar Depression ore deposits (Böstrom, 1973);  11 Diagenetic metalliferous sediments 
(Marchig et al., 1982); 12 Hydrothermal and hydrogenetic Fe-Mn, Mn crusts, oxides from Hawaii and Pacific 
ocean (Alt, 1988; Hein et al., 1996; 1997; 2005); 13 Hydrothermal mineralization, Hawaii (Hein et al., 1996); 14 
Siliceous mudstones and radiolarite beds  (Barrett, 1981); 15 Ocherus sediments and Skouriotissa ocher (Alt, 
1988); 16 Coticules (garnet-rich rocks) (Dekate and Pimpalkar, 1979; Wonder et al., 1988; Graves and Zentilli, 
1988; Smith, 1998; Ross, 2005); 17 Iron Formations, Kanmantoo and New Brunswick (Peter and Goodfellow, 
1996; Smith, 1998). Data for Broken Hill quartz garnetite include those from Plimer (2006), and data from SCP 
include those in Figure 8a. 
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Figure 9.  REEY patterns of garnet-rich rocks from the southern Curnamona Province (a-l) and of modern Fe-
Mn precipitates and hydrothermal fluids. a. Muttoroo. b. Iron Blow. c. Cathedral Rock. d. Meningie Well. e. 
Weekeroo. f. Thunderdome. g. Polygonum prospect. h. Doughboy. i. Garnetite from Broken Hill (this study). j. 
Quartz garnetite from Broken Hill. k. Metasedimentary rocks from Broken Hill and Cathedral Rock and garnet-
gahnite rocks from Broken Hill. l. Garnet-hedenbergite-, -rhodonite-, and -bustamite-bearing rocks from the 
Broken Hill deposit. Data are from this study and Schuler et al. (1993). m. Metalliferous sediments, 
hydrothermal Mn oxides, and hydrogenetic Fe-Mn crusts. n. Black and white hydrothermal fluids and chemical 
precipitates from their chimneys. Data in m and n are from: 1 Hein et al., 2005; 2 Dekov and Savelli, 2004; 3 
Cronan and Hodkinson, 1997; 4 Hein et al., 1996; 5 Mills and Elderfield, 1995; 6 Mitra et al., 1994. 
 
Figure 10.  Binary plots of Ce/Ce* vs. Eu/Eu* for: a. Fe-Mn garnet-rich rocks from the southern Curnamona 
Province, compared to b. modern Fe-Mn precipitates from the oceans. Includes data from: a. 1 Evans, 2002; 
Schuler et al., 1993. b. Modern hydrogenous and hydrothermal Fe-Mn nodules, crusts, and oxides, metalliferous 
hydrothermal sediments, seamount massive sulfides. Data from: 2 Gulf of California, Hein et al., 2005; 3 Dekov 
and Savelli, 2004; 4,5 TAG, EPR, Dekov et al. 2003; 6 Cronan and Hodkinson, 1997; 7 Hawaii, Hein et al., 1996. 
 
Figure 11.  Y/Ho vs. Zr/Hf (after Bau, 1996). a. Compositions of garnet-rich rocks from the southern 
Curnamona Province (SCP) compared to those of Fe-Mn hydrogenous precipitates, seawater, hydrothermal vein 
fluorite, the chondrite, and CHARAC fields of Bau (1996). b. Compositions of rocks from the SCP by study 
site. 1 Bau, 1996. MW = Meningie Well. CatR = Catedral Rock. Amph = amphibole. Gah = gahnite. 
 
Figure 12.  Correlation matrix of garnet-rich rock compositions from the Broken Hill deposit. a. Garnetite. b. 
Quartz garnetite. 
 
Figure 13.  Correlation matrix of garnet-quartz rocks from Mutooroo, Iron Blow, and Cathedral Rock 
combined. 
 
Figure 14.  Binary plots that show the correlation among elements. a. Eu/Eu* vs. MnO. b. Eu/Eu* vs. Pb. 
 
Table 1.  Summary of geological characteristics of garnet-rich rock locations, southern Curnamona Province. 
 
Table 2.  Appendix 1. Major and trace element compositions and indices of garnet-rich rocks from eight sites 
from the southern Curnamona Province.  
 
Table 3.  Appendix 2. Major and trace element compositions and indices of garnet-rich rocks from the Broken 
Hill deposit, southern Curnamona Province. 
 
Table 4.  Results of discriminant analysis, shown as average contents, for garnet-rich rocks from the SCP. 
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Figure 4. Photomicrographs and slab photographs of garnet-rich rocks from the southern Curnamona Province. 
a. Garnet-quartz rock, Cathedral Rock. b. Very fine grained garnet-rich metapsammite, Dingo Ridge prospect, 
DRD01-226-232m, Mutooroo. c. Garnet-amphibole rock, Weekeroo. d. Garnet-rich laminations surrounded by 
metapsammopelite, Polygonum, IN2B-393.1m. e. Garnet-rich laminations showing garnets with annelar 
arrangements, Polygonum IN2B540.9m. f. Garnet with calcite inclusions, Polygonum, IN2B830.6m. g. Fine 
grained garnet-rich laminations in metapsammopelite, Thunderdome, DDHP2-633.9m. h. Well layered to 
laminated quartz garnetite and poorly layered massive garnetite with hedenbergite veins and late tension gash 
white quartz veins, DD8700-11-17.6m, A lode Composite, Broken Hill. Abbreviations after Kretz (1983).  
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Figure 6.  Al-Fe-Mn diagram showing the field of hydrothermal sediments and the composition of garnet-rich 
rocks from the southern Curnamona Province, modern chemical precipitates and metalliferous sediments, and 
other garnet-rich rock occurrences from the literature (after Böstrom and Peterson, 1969). a. 1 Laffan (1994); 2 
Spry (1978); 3 Evans (2002); 4 Laffan (1994); 5 Plimer (2006); b. 6 Evans (2002); Hillam (1974); 7 Fechner 
(1996, Meningie Well); 8 Cronan and Hodkinson (1997); 9 Hein et al. (2005); 10 Hein et al. (2005); Alt (1988); 
11 Alt (1988); 12 Böstrom (1973); 13 Elliott et al. (1997); 14 Marchig et al. (1982); 15 Graves and Zentilli (1988, 
Nova Scotia); Dekate and Pimpalkar (1979); Ross (2005); 16 Grapes and Hashimoto (1978). 
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Figure 7.  Fe-Mn-[(Co+Ni+Cu)x10] showing the compositions of garnet-rich rocks from the SCP, garnet-rich 
rocks from the literature, and modern chemical precipitates and metalliferous sediments (after Bonatti et al., 
1972). Data plotted are from: a. SCP, 1 Cronan and Hodkinson, 1987; 2 Evans (2002). b. SCP 1 include one 
garnet rock and four piemontite rocks from Fechner (1996); 2 includes Evans (2002); 3 Cronan and Hodkinson 
(1997); 4 Dymond et al. (1973); 5 Hein et al. (2005); 6 Alt (1988); 7 Bonatti (1975); 8 Georgia, Wonder et al. 
(1988); 9 Nova Scotia, Graves and Zentilli (1988).  IF = Iron Formation. Gah = gahnite. 
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Figure 8.  Al/(Al+Fe+Mn) vs. Fe/Ti diagram of garnet-rich rocks and BIF from the southern Curnamona 
Province (SCP), modern Fe-Mn precipitates and hydrothermal sediments, and garnet-rich rocks from the 
literature. a. Garnet-rich rocks from the SCP and Broken Hill quartz garnetite and garnetite (after Böstrom, 
1973). Numbers indicate data from: 1 Fechner (1996); 2 Laffan (1994); 3 Spry (1978); 4 Evans (2002); 5 Hillam 
(1974); 6 Metalliferous, hydrothermal Fe-Mn sediments, Lau Basin, East Pacific, ODP 834-835, Cronan and 
Hodkinson (1997); 7 Active ridge sediments, East Pacific Rise (EPR), and average continental crust, Böstrom 
(1973); 8 EPR and Red Sea (RS) hydrothermal sediments, Marchig et al. (1982). b. SCP and data from 6, 7, 8, 
and 9 EPR, Pacific pelagic and surface sediments, Bauer Deep (Böstrom, 1973) and Mariana arc sediments 
(Elliot et al., 1997), and Mn quartz schists from Japan (Grapes and Hashimoto, 1978); 10 Seamount massive 
sulfides (Alt, 1988) and Afar Depression ore deposits (Böstrom, 1973);  11 Diagenetic metalliferous sediments 
(Marchig et al., 1982); 12 Hydrothermal and hydrogenetic Fe-Mn, Mn crusts, oxides from Hawaii and Pacific 
ocean (Alt, 1988; Hein et al., 1996; 1997; 2005); 13 Hydrothermal mineralization, Hawaii (Hein et al., 1996); 14 
Siliceous mudstones and radiolarite beds  (Barrett, 1981); 15 Ocherus sediments and Skouriotissa ocher (Alt, 
1988); 16 Coticules (garnet-rich rocks) (Dekate and Pimpalkar, 1979; Wonder et al., 1988; Graves and Zentilli, 
1988; Smith, 1998; Ross, 2005); 17 Iron Formations, Kanmantoo and New Brunswick (Peter and Goodfellow, 
1996; Smith, 1998). Data for Broken Hill quartz garnetite include those from Plimer (2006), and data from SCP 
include those in Figure 8a. 
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Figure 9.  REEY patterns of garnet-rich rocks from the southern Curnamona Province (a-l) and of modern Fe-
Mn precipitates and hydrothermal fluids (m-n). a. Muttoroo. b. Iron Blow. c. Cathedral Rock. d. Meningie 
Well. e. Weekeroo. f. Thunderdome. g. Polygonum prospect. h. Doughboy. i. Garnetite from Broken Hill (this 
study). j. Quartz garnetite from Broken Hill. k. Metasedimentary rocks from Broken Hill and Cathedral Rock 
and garnet-gahnite rocks from Broken Hill. l. Garnet-hedenbergite-, -rhodonite-, and -bustamite-bearing rocks 
from the Broken Hill deposit. Data are from this study and Schuler et al. (1993). m. Metalliferous sediments, 
hydrothermal Mn oxides, and hydrogenetic Fe-Mn crusts. n. Black and white hydrothermal fluids and chemical 
precipitates from their chimneys. Data in m and n are from: 1 Hein et al., 2005; 2 Dekov and Savelli, 2004; 3 
Cronan and Hodkinson, 1997; 4 Hein et al., 1996; 5 Mills and Elderfield, 1995; 6 Mitra et al., 1994. 
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Figure 10.  Binary plots of Ce/Ce* vs. Eu/Eu* for: a. Fe-Mn garnet-rich rocks from the southern Curnamona 
Province, compared to b. modern Fe-Mn precipitates from the oceans. a. Includes data from: 1 Evans, 2002; 
Schuler et al., 1993. b. Modern hydrogenous and hydrothermal Fe-Mn nodules, crusts, and oxides, metalliferous 
hydrothermal sediments, seamount massive sulfides. Data from: 2 Gulf of California, Hein et al., 2005; 3 Dekov 
and Savelli, 2004; 4,5 TAG, EPR, Dekov et al. 2003; 6 Cronan and Hodkinson, 1997; 7 Hawaii, Hein et al., 1996. 
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Appendix 1. Table 2. Compositions of garnet-rich rocks from eight sites in the SCP 
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Appendix 2. Table 3. Compositions of garnet-rich rocks from the Broken Hill deposit 
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Table 4. Results of discriminant analysis shown as average contents for garnet-rich rocks from the SCP.  
 BH CatRock IBlow MenWS Mut Week
Al2O3 wt. % 14.76 13.20 10.73 12.36 10.92 9.37
Fe2O3 15.60 19.98 20.39 29.66 14.63 19.67
MgO 1.51 0.51 2.39 2.44 0.95 2.39
CaO 2.36 2.52 0.28 2.72 1.22 9.31
Na2O 0.08 0.08 0.01 0.02 0.05 0.07
K2O 0.61 0.11 0.07 0.06 0.22 0.07
TiO2 0.53 0.39 0.50 0.41 0.55 0.35
P2O5 0.12 0.43 0.07 0.53 0.07 0.86
MnO 8.78 6.63 0.40 10.79 5.44 7.23
Cr2O3 0.01 0.01 0.01 0.01 0.00 0.01
Tot C 0.03 0.03 0.02 0.04 0.03 0.44
Tot S 0.20 0.01 0.01 0.02 0.02 0.04
U ppm 6.71 5.88 2.70 11.89 3.19 7.60
W 7.76 1.63 1.06 1.69 4.06 4.73
Mo 2.44 4.68 0.38 5.10 0.60 1.10
Cu 158.53 8.60 91.06 38.27 198.96 28.10
Pb 195.83 26.38 20.94 23.73 19.10 4.42
Zn 189.86 46.85 42.00 34.86 178.86 30.17
As 344.70 59.04 1.52 79.73 1.26 29.18
Cd 7.61 0.32 0.10 0.41 0.96 0.15
Sb 6.19 0.26 0.10 0.59 0.34 0.40
Bi 0.11 3.04 0.12 0.54 0.34 0.42
Ag 0.66 0.10 0.10 0.13 0.21 0.10
Au ppb 11.07 4.66 0.76 6.60 1.49 1.75
Sc ppm 28.57 9.23 35.60 8.14 27.29 8.50
V 86.86 95.69 67.80 94.14 77.14 80.17
Co 13.71 43.72 13.86 99.30 9.13 21.07
Ni 23.00 18.92 20.00 51.71 16.14 15.83
Ga 23.31 17.32 7.58 18.39 13.79 17.22
Rb 36.10 9.35 3.68 3.56 11.53 3.17
Sr 8.87 35.96 4.50 32.64 28.63 40.77
Y 72.96 33.62 145.16 31.67 86.46 30.50
Zr 184.01 103.08 169.12 115.60 200.61 79.33
Nb 15.53 8.65 13.38 10.74 22.37 7.58
Cs 1.07 0.82 0.16 0.37 0.31 0.65
Ba 190.74 99.43 7.88 191.70 194.23 42.82
La 43.21 43.16 40.68 34.87 20.97 21.57
Ce 90.46 79.92 90.96 64.39 43.81 49.10
Pr 10.14 8.49 10.07 7.27 5.01 5.66
Nd 37.77 31.02 38.10 28.49 20.11 23.23
Sm 8.54 6.65 8.94 6.97 4.63 5.57
Eu 1.88 1.65 0.65 1.31 0.88 1.20
Gd 8.95 6.53 13.23 6.98 6.88 5.97
Tb 1.74 0.96 3.27 0.93 1.63 0.89
Dy 10.89 5.26 22.81 4.86 12.13 4.76
Ho 2.35 1.00 4.23 0.87 2.76 0.92
Er 7.33 2.87 11.50 2.43 8.96 2.57
Tm 1.18 0.43 1.43 0.34 1.48 0.33
Yb 7.53 2.88 8.46 2.36 10.10 2.32
Lu 1.17 0.42 1.02 0.36 1.55 0.33
Hf 5.71 3.02 4.80 3.30 5.93 2.20
Sn 2.14 2.62 1.00 2.00 1.29 1.33
Ta 1.64 0.82 1.22 0.79 5.20 0.58
Th 19.74 11.92 22.22 12.37 12.13 8.05
∑REE 233.14 191.24 255.35 162.41 140.90 124.42 
 BH= Broken Hill garnetite and quartz garnetite with low metal content, N=7; IBlow =  Iron Blow, N=5; CatR = 
Cathedral Rock, N=13; MenWS = Meningie Well, N=7; Mut = Mutooroo, N=7; Week = Weekeroo, N=6. 
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Abstract 
Garnet-rich rocks are spatially related to the Broken Hill (BH) Pb-Zn-Ag deposit, minor BH-type 
(BHT) deposits and occasionally unrelated to sulfides throughout the southern Proterozoic Curnamona Province 
(SCP), Australia.  Fine-scale bedding in the garnet-rich rocks, their conformable relationships with enclosing 
metasedimentary rocks, and their enrichment in Mn and Fe indicate that they are metamorphosed chemical 
precipitates.  Garnets in garnet-quartz and garnet-amphibole rocks unrelated to sulfides and from minor BHT 
deposits in nine sites in the SCP generally show light REE (LREE) depleted, flat heavy REE (HREE) enriched 
chondrite-normalized rare earth element (REE) patterns, and negative Eu anomalies (Eu/Eu* < 1).  Garnet from 
the BH deposit exhibits similar REE patterns and both positive (Eu/Eu* > 1) and negative Eu anomalies.  
Calculated REE distribution coefficients between garnet and its host rock and interelement correlations among 
REEs and major element contents in garnet indicate that the HREEs are crystallographically controlled, whereas 
the LREEs are not.  The value of Eu/Eu* in garnet is related to its Mn, Fe, Ca, and Eu content and that of its 
host rock, and the distribution of REEs among garnet and accessory phases (e.g., feldspar, monazite).  Mn-rich 
and Mn–Ca-rich, Fe-poor garnets in garnetite and garnet-hedenbergite, -bustamite, and -rhodonite rocks at BH 
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show Eu/Eu* > 1, whereas garnets in Mn-poor, Fe-rich quartz garnetite and garnet-gahnite rocks from BH and 
quartz garnetite from other sites in the SCP exhibit Eu/Eu* < 1.  Eu/Eu* > 1 reflects high amounts of Eu2+ that 
was preferentially incorporated into/onto original Mn-, and Mn-Ca-rich oxides/carbonates.  In contrast, Eu/Eu* 
< 1 indicates the preferential discrimination against Eu2+ by Fe-rich, Mn-poor precursor minerals.  Precursors to 
Mn-rich garnets formed by precipitation from more oxidized fluids compared to those that formed precursors to 
Fe-rich garnet.  Garnet from the BH deposit is enriched in Zn (> 400 ppm), Cr (> 140 ppm), and Eu (> 6 ppm), 
and depleted in Co, Ti, and Y compared to garnet in other garnet-rich rocks in the SCP.  These values, as well 
as Mn contents > 15 wt. % MnO and Eu/Eu* > 1, are considered a minimum for the presence of mineralization 
BHT.  The mineralogy and geological context must be taken into account when considering these exploration 
guides.   
 
Keywords: Mn-Fe garnet; Broken Hill; LA-ICP-MS; REEs; crystallographic control 
 
1. Introduction 
Trace element compositions of individual minerals reveal details of genetic processes in modern and 
ancient hydrothermal systems (e.g., Bach et al., 2003; Bau et al., 2003; Sallet et al., 2005).  In particular, rare 
earth element (REE) and trace element studies of individual garnets help to understand: the evolution of the 
mantle and melt-rock interactions (Schröter et al., 2004; Scully et al., 2004), the origin of skarns and 
metasomatic processes (Smith et al., 2004), metamorphic and volcanic processes (Irving and Frey, 1978; 
O’Reilly and Griffin, 1995; Schwandt et al., 1996; Pyle and Spear, 2000; Otamendi et al., 2002; Rubatto, 2002; 
Storkey et al., 2005), and geochronological problems (e.g., Hensen and Zhou, 1995).  Trace element 
compositions of garnet have been utilized to define chemical signatures of rocks hosting diamonds (e.g., Davies 
et al., 2004; Viljoen et al., 2004) and Broken Hill-type (BHT) Pb-Zn-Ag mineralization in Australia (e.g., 
Lottermoser, 1988; Schwandt et al., 1993) and South Africa (Rozendaal and Stalder, 2000; Stalder and 
Rozendaal, 2005).  REE compositions of garnet in BHT deposits have also been used to evaluate the 
physicochemical conditions of their precursor phases (e.g., Lottermoser, 1988; Schwandt et al., 1993; 
Rozendaal and Stalder, 2000; Stalder and Rozendaal, 2005) and metasomatic processes (e.g., Spry et al., 2006).   
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Lottermoser (1988) and Schwandt et al. (1993) presented REE compositions of four garnets derived from 
the same samples proximal and distal to the Proterozoic Broken Hill (BH) deposit, southern Curnamona 
province (SCP), and made genetic interpretations that were based, in large part, on the shape of normalized REE 
patterns and the positive or negative sign of the Eu anomaly.  Spry et al. (2006) also evaluated the REE 
composition of garnet in garnet-rich rocks from the BH deposit.  The present study extends the work of Spry et 
al. (2006) in that it considers the trace elements (including REEs) of garnet in garnet-rich rocks at BH, in small 
BHT deposits (Mutooroo, Iron Blow, Thunderdome, Polygonum), in Zn-bearing metasedimentary sequences at 
Hunters Dam and Doughboy, and locations in which no known BHT mineralization occurs (Cathedral Rock, 
Meningie Well, and Weekeroo).  Comparisons will be made to the REE data obtained by Spry et al. (2006) and 
Heimann (2006) that incorporated bulk-rock major and trace element studies of the samples containing the 
garnets analyzed here. 
The chemical and crystallographic constraints that determine differences in the REE patterns and the size 
and the sign of the Eu anomaly in garnet are evaluated here using the major and trace element composition of 
garnet in garnet-rich rocks in the SCP, interelement correlations among major and trace element contents and 
the size of the Eu anomaly in garnet, and differences in the REE content of garnet and its host rock calculated as 
distribution coefficients.  The shape of the REE patterns, the sign and size of the Eu anomaly, and the 
composition of garnet are utilized to characterize the physicochemical conditions (T, fO2) of the hydrothermal 
fluids responsible for the genesis of the premetamorphic phases.  The shape of REE patterns and the trace 
element content of garnet in garnet-rich rocks are considered as exploration guides in the search for BHT 
deposits in the SCP.  
 
2. Geological setting 
The SCP, which is composed of the Broken Hill Domain in western New South Wales and the Olary 
Domain in eastern South Australia, is dominated by rocks of the Paleoproterozoic Willyama Supergroup, which 
hosts the stratabound 300-Mt BH Pb-Zn-Ag deposit, approximately 400 minor BHT deposits, and garnet-rich 
rocks spatially unrelated to sulfide mineralization (Figs. 1 and 2).  The Willyama Supergroup consists of an 
approximately 7 km-thick package of poly-deformed and metamorphosed clastic sediments, lesser bimodal 
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volcanic and volcaniclastic rocks, minor chemical sediments (garnet- and gahnite-rich rocks, banded iron 
formation, tourmalinite, and metadolomite) and granitoid intrusives (Willis et al., 1983; Burton, 1994).  The 
sedimentary succession was deposited in a marine basin during the deepening of an intracontinental rift system 
(Willis et al., 1983; Page et al., 2005a).  Stratigraphic correlations between the Broken Hill and Olary Domains 
are based on field relations and SHRIMP U-Pb zircon age dating (e.g., Conor, 2000a, b; Page et al., 2003; 
Conor and Page, 2003; Page et al., 2005a, b).   
The Willyama Supergroup was subjected to at least three periods of deformation (D1 to D3) (Laing et 
al., 1978; Willis et al., 1983; Clarke et al., 1986), although Plimer (2006) identified five episodes.  D1 is 
manifested as a penetrative schistosity and as rare isoclinal folds (Laing et al., 1978).  Metamorphic conditions 
reached granulite facies near Broken Hill (~700-800 °C and 5-6 kb) and declined towards the north in the 
Broken Hill Domain (middle amphibolite facies) and to the west-northwest in the Olary Domain (upper 
greenschist-lower amphibolite facies) (Phillips, 1980; Phillips and Wall, 1981).   
The BH deposit is ~ 6 km long and consists of at least six separate Zn-Pb-Ag orebodies that are 
intimately associated with a distinctive package of rocks, which Johnson and Klingner (1975) referred to as the 
“lode horizon.”  They consist of quartz garnetite, garnetite, blue quartz-gahnite lode, and lode pegmatite.  Blue 
quartz-gahnite (ZnAl2O4) lode and quartz garnetite are the most common rock types spatially associated with 
minor BHT deposits (Barnes et al., 1983; Barnes, 1988; Burton, 1994).  Quartz garnetite and minor garnet-
amphibole rocks are the most common garnet-rich rocks in the Olary Domain.  Most authors consider that the 
BH deposit and the associated lode horizon rocks formed by exhalations or inhalations of hydrothermal fluids 
on or directly below the floor of a rifted basin either in a marine or continental lake setting (e.g., Stanton, 1976; 
Willis et al., 1983; Parr and Plimer, 1993; Spry et al., 2000; Parr et al., 2004; Plimer, 2006).  This view contrasts 
to that proposed by White et al. (1995), Rothery (2001), and Roache (2004), who suggested that base metal 
sulfides were introduced during high-grade metamorphism. 
 
3. Analytical methods 
Garnet-rich rocks were collected from outcrop at Cathedral Rock, Meningie Well, Mutooroo, Iron 
Blow, Doughboy, and Weekeroo, from outcrop, underground locations, and drill core at BH, and from drill core 
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at Polygonum, Thunderdome, and Hunters Dam.  Rock samples were made into polished and polished-thin 
sections and examined with an Olympus BX-60 dual reflected-transmitted light microscope.  Electron probe 
microanalyses (EPMA) of garnet were obtained at the University of Minnesota and Iowa State University (ISU) 
using JEOL 8900 and JEOL 8200 Electron Probe Microanalyzers, respectively.  A range of mineral standards 
including pyrope (Si, Al, Mg), hornblende (Ti), ilmenite (Fe), spessartine (Mn), and apatite (Ca) were used.  
Conditions for both instruments included an accelerating voltage of 15 kV and a beam current of 20nA.  Garnet 
compositions are given in the figures in terms of the almandine (Alm), spessartine (Sps), and andradite (Adr) + 
grossular (Grs) components in mole % using the following format: Alm50-60Sps10-20Grs+Adr5-15.  Gahnite 
compositions are presented as in terms of gahnite (gah), hercynite (hc), and spinel (spl) in mole %. 
LA-ICP-MS analyses of garnet were carried out using an Agilent 7500 ICP-MS system interfaced with 
a Merchantek EO-UV laser ablation system at Macquarie University, Sydney.  The Merchantek instrument uses 
a Quantel Nd:YAG laser frequency quadrupoled to 266 nm.  Samples were ablated in a single spot with 100 
shots at a pulse energy of 1 mJ, a repetition rate of 5 Hz, and a spot diameter of ~30-50 μm.  CaO was used as 
internal standard (measured as 43Ca) for CaO concentrations of > 1 wt. % CaO.  For CaO concentrations of < 1 
wt. % CaO, Al2O3 (measured as 27Al) was used as the internal standard.  NIST 610 glass, a garnet from 
Mongolia (Mongol) and a basaltic glass (BCR) were used as external standards.  The carrier gas was a mixture 
of He and Ar.  The raw ICP-MS data were exported in ASCII format and processed using GLITTER! (van 
Achterberg et al., 2001), an in-house data reduction program.  Using this program, plots of the ablation analysis 
were monitored to extract the signal derived from small mineral inclusions in garnet from that produced by 
garnet.  This procedure allowed the identity and composition of the inclusion to be determined.  The 
concentration of 42 trace elements (including REEs) was determined for garnet in 52 garnet-rich rocks from all 
ten sites.  A total of 331 analyses were obtained (at least 5 points/sample).  Of these samples, 12 (59 analyses) 
are from Broken Hill.  A total of 275 garnet analyses were obtained from the sites away from BH.  REE 
compositions of garnet obtained at ISU by Spry et al. (2006) were also utilized.  The analytical details of the 
instrument used at ISU are described in Spry et al. (2006). 
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4. Geological setting, petrography, and major element compositions of minerals 
The mineralogy of each sample is given in Table 1 while additional details and a summary of the main 
geological characteristics of each site are presented in Heimann (2006).  Details of the petrology, mineralogy, 
garnet composition and spatial deposition of garnet-rich rocks to sulfide mineralization at BH are given in Spry 
and Wonder (1989), Spry et al. (2006), and Plimer (2006), whereas those for the other locations studied here are 
given in Heimann (2006) and summarized here.  
Garnet-rich rocks are intercalated with metasedimentary rocks at various stratigraphic levels in the 
Willyama Supergroup.  They are typically associated with amphibolites and less commonly with felsic volcanic 
rocks.  The studied areas in the Saltbush Subgroup in the Olary Domain near Cathedral Rock and Meningie 
Well are equated with the Broken Hill Group (Laffan, 1994; Lottermoser and Ashley, 1996; Page et al., 2005a).  
Garnet-rich rocks in all localities are conformable with bedding in the enclosing metasedimentary rocks.  
Exceptions to this include the cross-cutting, so-called “remobilized” quartz-garnetite and garnet envelope of 
Spry and Wonder (1989) at BH, which formed during the third deformation event that affected the Willyama 
Supergroup.  Base metal sulfides are present at all locations except at Cathedral Rock, Weekeroo, and Meningie 
Well.  The metamorphic grade is granulite facies at BH, Mutooroo, and Iron Blow, amphibolite facies at 
Cathedral Rock, Meningie Well, Doughboy, Weekeroo, and Thunderdome, lower amphibolite facies at 
Polygonum, and upper greenschist-lower amphibolite facies at Hunters Dam.  Garnet-rich rocks are primarily 
quartz garnetite and lesser garnetite (> 80 % garnet) at BH, Iron Blow, Thunderdome, Mutooroo, and Cathedral 
Rock whereas quartz garnetite is the only garnet-rich rock present at Polygonum (Figs. 3a-f).  At Thunderdome, 
quartz garnetite and garnetite usually contain magnetite and grade into iron formation (Fig. 3c).  At Cathedral 
Rock, garnet coexists with quartz and ilmenite (Fig. 3e).  Garnet-rich rocks at Meningie Well and Weekeroo 
consist of garnet and amphibole and garnet-amphibole-calcite, respectively, and locally grade into amphibole-
rich rocks and silicate-facies iron formation (Figs. 3g, h).  At Polygonum, garnet-rich laminae are intercalated 
with garnet-poor metapsammopelitic layers (Fig. 3f).  At Doughboy, garnet coexists with quartz, carbonate, 
amphibole, feldspar, gahnite, fluorite, and biotite.  Garnet at Hunters Dam was found as a millimeter-scale 
lamination coexisting with quartz within psammopelitic schist. 
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  Representative major element compositions of garnet are presented in Table 2 and shown in Figure 4, 
whereas the composition of minerals coexisting with garnet are given in Table 3.  Compositions of garnet from 
quartz garnetite and garnetite from BH for which trace element compositions were studied are shown in Figure 
4d.  The composition of garnet in garnet-rich rocks from the SCP reflects a solid solution predominantly 
between almandine and spessartine with variable amounts of grossular and andradite, and trace quantities of 
pyrope (Figs. 4 a,b).  In contrast to garnet in garnet-quartz layers, garnet in calcsilicate rocks from Polygonum 
and Hunters Dam and some from Weekeroo that coexist with grunerite and carbonate are notably enriched in 
Ca as is garnet from 2 lens and A lode from the main BH lode (Figs. 4b, c) (Spry and Wonder, 1989).  Garnet 
from Iron Blow is the most Fe rich, as is that from B and C lodes that coexists with gahnite.  At BH, garnets 
from garnetite are Mn-rich, whereas garnet from quartz garnetite are Mn-poor and Fe-rich (Fig. 4d). 
In view of the potential use of Mn- and Zn-rich bearing minerals in the search for Broken Hill-type 
massive sulfide deposits (Spry et al., 2000), considerable attention was paid to determining the Mn and Zn 
content of ferromagnesian silicates and oxides that coexist with garnet in garnet-rich rocks in the SCP (Table 3).  
Elevated Zn contents are present in spinels in garnet-bearing rocks from the Polygonum (gah57-72hc 24-37spl3-8) 
and Thunderdome (gah47-64hc33-50spl2-4) areas (Table 3).  Although gahnite is present at Doughboy and 
Mutooroo, the analyzed garnets were derived from rocks than do not contain gahnite.  Chlorite and biotite from 
Polygonum contain up to 0.7 and 0.85 wt. % MnO, respectively, whereas secondary chlorite at Cathedral Rock 
contains up to 1.3 wt. % MnO.  Ilmenite-pyrophanite contains up to 25.5 wt. % MnO and 1.0 wt. % ZnO at 
Cathedral Rock, up to 20.0 wt. % ZnO at Mutooroo, 13 wt. % MnO at Weekeroo, 10 wt. % MnO at Meningie 
Well, 9.5 wt. % MnO at Polygonum, and up to 14 wt. % MnO and 15 wt. % ZnO at BH.  Ilmenite from Iron 
Blow contains nil Mn contents.  Grunerite and ferroactinolite in garnet-amphibole rocks from Meningie Well 
and Weekeroo contain up to 6 wt. % and 0.8 wt. % MnO, respectively.  Elevated quantities of Mn are also 
found in calcite and epidote in garnet-grunerite rocks from Weekeroo (up to 1 and 10 wt. % MnO, respectively). 
 
5. Rare earth element composition of garnet 
Trace elements, including REE compositions and calculated REE indices of garnet in garnet-rich rocks 
from the nine small localities and the BH deposit are presented in Tables 4 and 5, respectively (Appendices 2 
 
 107
and 3).  LREEs and HREEs refer to the elements from La to Sm and Gd to Lu, respectively, and Y is inserted in 
the patterns between Gd and Ho. Figures 5 a-f show the chondrite-normalized trace element (including REEs) 
patterns of garnet in garnet-rich rocks from the highest metamorphic grade areas at Mutooroo, Iron Blow, 
Cathedral Rock, Meningie Well, Doughboy, and Weekeroo, whereas those of garnet from lower metamorphic 
grade areas at Polygonum, Hunters Dam, and Thunderdome are shown in Figures 5 g-h.  REE patterns are 
LREE depleted and HREE enriched, and show variable HREE shapes.  Garnets show negative Eu anomalies 
(Eu/Eu* < 1) in all samples except for those from Cathedral Rock (Fig. 5c). 
Garnet in garnet-quartz rocks from Mutooroo shows pronounced negative Eu anomalies and generally 
flat to slightly decreasing HREE patterns.  Sample M7A, which shows evidence of shearing, contains garnet 
that possesses higher chondrite-normalized REE contents (up to 100 times chondrite) and total REEs (400-550 
ppm) than other garnets in garnet-quartz rocks from the Mutooroo area (Fig. 5a).  Some garnets from Mutooroo 
exhibit patterns that show an increase in HREE shapes.  REE patterns of garnet in quartz garnetite from Iron 
Blow exhibit the largest negative Eu anomalies of all sites and flat to slightly convex-up HREE shapes (Fig. 
5b).  Garnet in quartz garnetite from Cathedral Rock shows varying trends of chondrite-normalized REEs from 
Eu to Lu, and small positive (Eu/Eu* >1) to no Eu anomalies in most samples (Fig. 5c).  The REE patterns of 
these garnets are not smooth but are variable due to the presence of inclusions and to compositional zoning.  
Large Mn-rich garnets coexisting with quartz and Na-rich plagioclase in sample CatR04-13 show Eu/Eu* < 1 
and flat HREE patterns.  Garnet in a sample which is rich in secondary-chlorite shows decreasing REE contents 
from Gd to Lu (Fig. 6a).  Garnet in weathered garnet-rich rocks or those which have been subject to brittle 
shearing also exhibit bell-shaped patterns with decreasing REE contents from Eu to Lu (Figs. 6a,b), in contrast 
to garnet in metapelitic rocks.  The REE pattern of a LREE-rich mineral, apatite, which is included in garnet is 
shown in Figure 6b.  Garnet in garnet-amphibole rocks at Meningie Well shows relatively low REE contents 
(10 times chondrite), middle REE enrichments (Sm-Gd), Eu/Eu* < 1, and slightly decreasing patterns from Gd 
to Lu (Fig. 5d).  By comparison, grunerite in the same rocks show depleted REE patterns, concave HREE 
shapes, and negative Eu anomalies (Fig. 6c).  Garnet from Doughboy shows the highest total REE contents (up 
to 1000 times chondrite; Figs. 5e, 6e) of all garnets analyzed, Eu/Eu* < 1, and flat HREE patterns from Dy to 
Lu.  Garnet in one sample exhibits bell-shaped REE patterns (Fig. 6d), whereas garnet in garnet-ferroactinolite 
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rocks from Weekeroo exhibits Eu/Eu* < 1 and relatively flat to slightly decreasing REE patterns for the HREEs 
(Fig. 5f).  Garnet in garnet-bearing rocks from Hunters Dam, Polygonum, and Thunderdome contain abundant 
small unidentified inclusions.  The REE patterns of garnet were obtained by filtering elemental peaks caused by 
the presence of mineral inclusions.  This produced REE patterns that are not as smooth as those for garnets from 
other localities.  The REE patterns of garnet in quartz garnetite from Polygonum show Eu/Eu* < 1, flat to 
increasing and slightly convex HREEs.  The total REE content for some garnets from Polygonum are ~1000 
times chondrite (Fig. 5g).  In general, garnets from Hunters Dam and Thunderdome show Eu/Eu* < 1 and 
HREE patterns that are either flat or increase with atomic number (Fig. 5h). 
Garnets in garnetite and quartz garnetite from BH show LREE-depleted, HREE-enriched patterns with 
flat HREE trends, and, in most cases, Eu/Eu* > 1 and Eu/Eu* < 1, respectively (Figs. 7a and b).  REE patterns 
for individual samples are presented in Spry et al. (2006).   
For comparative purposes, coarse-grained garnet from a sillimanite-muscovite-garnet schist from 
Cathedral Rock and a garnet-sillimanite gneiss from BH were analyzed.  The garnet in Cathedral Rock shows 
higher total REE contents (> 100 times chondrite, total REEs ~ 800 ppm) than garnets from other rocks, LREE-
depleted and flat HREE (Dy-Lu)-enriched patterns, and Eu/Eu* < 1 (Figs. 7c, 6e).  That from BH shows LREE 
values lower than detection limits, total REE contents similar to those of garnet in garnet-rich rocks (~ 100 
times chondrite, total REEs ~ 45 ppm), and Eu/Eu* < 1 (Figs. 6e, 7c). 
A plot of Mn content versus Eu/Eu* for garnet in garnet-rich rocks from all localities studied here 
shows that Mn-rich garnet in garnetite from BH exhibits the largest Eu anomalies (Figs. 8a, 6e, 4d).  Most 
garnets in quartz garnetite from BH show Eu/Eu* < 1 and lower Mn contents (Fig. 4d), whereas garnets from 
garnet-rich rocks from the sites in the SCP show no clear relationship between Eu/Eu* and Mn content. 
 
6. Other trace element compositions 
Trace element (including REEs) patterns of garnet in garnet-bearing rocks from all the study sites in 
the SCP (including BH) show the same general shape (Figs. 5 and 7).  However, there are significant 
differences in the abundances of some elements at certain locations, which are indicated by more pronounced 
peaks in some patterns and observed in scatter diagrams (Figs. 8b-f).  For example, garnet from the BH deposit 
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contains more Zn than garnet from all other locations (up to 1070 ppm) (Fig. 8b, Table 5).  Garnet from 
Doughboy and one sample from Meningie Well (MWS-13) also show elevated Zn contents (up to 855 ppm).  
By contrast, garnets from Weekeroo and Hunters Dam possess the lowest Zn contents (2-11 ppm and 24-32 
ppm, respectively).  Co contents of garnet from BH are lower (up to 72 ppm) than those in all other garnets.  
The highest Co contents are found in garnet from Meningie Well (350 ppm; sample MWS-13).  For 
comparison, garnet from other metamorphic terranes contains up to 62 ppm Co (Turekian and Phinney, 1962). 
A plot of Y vs. Sc shows that these elements are positively correlated (R2 = 0.73) in garnet from BH 
even though the Y content of garnet from BH is lower than in garnet from all other sites (Fig. 8c).  The Y 
content of garnet is highest in garnet from the metapelitic schist from Cathedral Rock (up to 2186 ppm Y).  
There are also high Y and Sc values in garnet from Polygonum and Hunters Dam but these high values (774 
ppm and 137 ppm, respectively) might be an artifact of the presence of inclusions since they were impossible to 
avoid during garnet ablation and completely remove from the analysis.  The highest Sc content (average of 270 
ppm) obtained here in an inclusion-free area of garnet was in a garnet from Mutooroo (sample M7A).  Note that 
the Y and Sc values of garnet from the SCP are within the range of Y and Sc contents (up to 5346 ppm and 992 
ppm, respectively) that were reported by Pyle and Spear (1999, 2000) for garnet from other metamorphic 
terranes.   
Several garnets in garnetite from BH show higher Cr contents (up to 650 ppm Cr; samples 532-45, 
Blackw5) than garnet in quartz garnetite.  They are more enriched in Cr compared to garnets in garnet-rich 
rocks from other localities, with the exception of two garnets from Weekeroo, which contain up to 451 ppm Cr 
(Fig. 8d, sample W6).  Cr contents in metamorphic garnet from other terranes are up to 1188 ppm (Pyle and 
Spear, 1999).   
V anomalies are positive in garnet from all sites but garnet from Cathedral Rock shows higher and 
more variable V contents than all other garnets (Figs. 5 and 8d).  Garnet from some samples from Cathedral 
Rock, Meningie Well, Weekeroo, and BH (CatR04-21 and 23, MWS-3, W6, BlackW5) have the highest V 
contents (up to 800 ppm V; Fig. 8d).  The Ti content of garnet is highest in samples from Cathedral Rock (5000 
ppm, sample CatR04-13), Meningie Well (1820 ppm, sample MWS-3), and Weekeroo (2960 ppm, sample W6; 
Figs. 8e, f).  However, sample W6 contains Ti peaks.  Garnet in quartz garnetite and garnetite from BH show 
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the highest Zn contents, whereas garnet in garnet rocks from the other sites in the SPC show the highest Ti 
values (Fig. 8f).  P contents are highest in garnet from Iron Blow and Polygonum, although garnet from the 
latter contains abundant inclusions and must be considered with caution due to possible incorporation of a P-
bearing mineral in the ablation.   
 
7. Interelement correlations 
Interelement correlations were obtained for major (in wt. % oxide and a.p.f.u.) and trace element (in 
ppm) compositions of garnet from garnetite and quartz garnetite from the BH deposit (59 analyses) and from 
Mutooroo (18 analyses), Iron Blow (20 analyses), and Meningie Well (31 analyses) (Figs. 9a-d).  The 
correlations (R2 > 0.5) obtained are utilized in the discussion to interpret the significance of Eu anomalies in 
garnet.  Figure 9 shows the elements that are mentioned in the discussion whereas the complete correlation 
matrices appear in Appendix 1 of Heimann (2006).  Correlation matrices for garnet from Cathedral Rock, 
Hunters Dam, Thunderdome, and Polygonum were not obtained because garnets in these sites contain mineral 
inclusions and/or possess diameters not much larger than the ablation beam.  Trace element values of garnet 
below detection limits were not utilized.   
 
 
8. Discussion 
8.1. Major and trace element compositions of garnet 
Spry and Wonder (1989), Spry et al. (2003, 2006), and Plimer (2006) suggested that the major element 
chemistry of garnet in quartz garnetite and garnetite at BH was, in large part, dictated by the bulk composition 
of the host rock.  This conclusion is to be expected because garnet is the dominant mineral, or in the case of 
many samples of garnetite the only mineral, that incorporates Mn, Fe, Ca, and Mg.  This relationship is evident 
elsewhere in the SCP in Ca-rich garnets in garnet-rich rocks, for example, from Polygonum and Weekeroo that 
occur in Ca-rich rocks.  Such a relationship between bulk rock content and garnet composition need not be the 
case when considering trace element compositions of garnet because these elements may be incorporated in the 
structure of garnet as well as in minor phases included in garnet, other mineral phases, or along grain 
boundaries.  The incorporation of a specific trace element in garnet is therefore dependent on the partition 
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coefficient among mineral inclusions and major phases in contact with garnet.  This is of particular importance 
for rocks in the SCP that contain accessory to abundant amphibole, feldspar, calcite, monazite, and ilmenite. 
Garnets from Doughboy show the highest REE contents (>1500 times chondrite) of all garnets 
analyzed here (Fig. 5e).  They coexist with feldspar, calcite, fluorite, muscovite, biotite, and the enrichment of 
REEs reflects the high REE content of the host rock (Heimann, 2006).  Garnet from garnetite and quartz 
garnetite from the BH deposit is enriched in Zn and Cr and depleted in Co, Y, and Ti compared to garnet from 
metasedimentary rocks and garnet-rich rocks from other sites in the SCP.  The high Cr (650 ppm) and Sc (270 
ppm) contents of garnet in some garnetite (samples 532-45, Blackw5, 532-104) relative to garnet from quartz 
garnetite either indicates the presence in quartz garnetite of accessory or trace minerals that contain Cr and Sc, 
or, alternatively, different Cr and Sc contents simply reflect the different chemistry of the two rock types.  The 
concentration of these metals as well as Co may also be variable due to the coexistence of garnet with oxides 
such as ilmenite (e.g., Irving and Frey, 1978) but this is uncertain since Co was not analyzed for here.  The 
abundance of Cr in the whole rock is very low in both rock types.  Furthermore, Sc contents are also lower in 
quartz garnetite than in garnetite.  No Cr peaks indicative of inclusions were identified in garnet from BH.  
Therefore, the lower Sc and Cr contents in garnet from quartz garnetite compared to that in garnetite reflect the 
chemistry of the host rock and probably show that the high abundance of quartz, which contains no trace 
elements, may dilute the content of Sc and Cr in garnet in quartz garnetite in Sc and Cr.  Garnet from garnet-
rich rocks in the SCP contains Cr and Sc abundances within the range of those in metamorphic garnet reported 
in the literature.  Heimann (2006) showed that the Co content is lower in garnetite and quartz garnetite from BH 
than in garnet-rich rocks elsewhere in the SCP.  Co is a hydrogenetic element (Bonatti, 1975) and it is highest in 
garnet in garnet-rich rocks from Cathedral Rock and Meningie Well (Fig. 8b), indicating that the composition of 
garnet is dictated by its host rock, which, in turn, is dependent upon the variable input of hydrogenetic and 
hydrothermal components. 
The highest Zn contents were found in garnet from BH (1070 ppm; samples Blackw5, 532-303) and 
Doughboy (855 ppm; sample Doughb11).  The relative amount of Zn in garnet will depend on whether there is 
another phase present in the same rock (e.g., gahnite, zincian ilmenite, sphalerite) that can incorporate Zn into 
its structure and how much of it is present.  Although there are trace amounts of gahnite or ilmenite present in 
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garnet-bearing rocks at Doughboy, the enrichment of the rocks in Zn compared to those from the other sites in 
the SCP (Heimann, 2006) explain the relatively high Zn content of garnet.  On the other hand, ilmenite that 
coexists with garnet at Mutooroo contains up to 20 wt. % ZnO, leaving garnet deficient in Zn.  The partitioning 
of an element between garnet and a mineral in contact with garnet is clearly exemplified by the partitioning of 
Eu between garnet and feldspar in garnetite sample Blackw5.  The garnet exhibits a negative Eu anomaly, 
whereas the bulk rock shows a positive Eu anomaly (Heimann, 2006), which indicates that the negative Eu 
anomaly in the garnet reflects the preferential partitioning of Eu into feldspar. 
 
8.2. REE patterns of garnet as indicators of genetic processes 
The immobility of REEs during high-grade metamorphism was advocated by Muecke et al. (1979), 
Taylor et al. (1986), and Bingen et al. (1996).  It is now widely assumed that the REE patterns of rocks do not 
undergo significant modifications during alteration or metamorphism under conditions of low fluid/rock ratios 
(i.e., f/r < 100; Bau, 1993).  Based on this assumption, Lottermoser (1989) used the REE patterns of 
metamorphic rocks from BH to interpret the physicochemical characteristics under which the protoliths formed.  
It has also been suggested that the REE composition of garnet in metamorphosed exhalites reflects the 
composition of their precursor phases, which were formed from hydrothermal and detrital sources on the sea 
floor, and can be used to evaluate the physicochemical conditions under which they formed (Lottermoser, 1988; 
Schwandt et al., 1993; Stalder and Rozendaal, 2005).  In particular, the nature of the Eu anomaly in garnet has 
been considered to reflect the temperature (T) and oxidation state (fO2) of the fluid from which the precursor 
phases precipitated.  Lottermoser (1988) and Schwandt et al. (1993) presented four REE patterns of garnet from 
four garnetite samples, three proximal and one distal, from the sulfide bodies at the BH deposit, and showed 
that garnet in the proximal samples exhibited Eu/Eu* > 1 whereas that in the distal sample showed a Eu/Eu* < 
1.  In addition, Wiggins (1988) analyzed the REE composition of garnet and showed that garnet in seven 
samples of garnetite and quartz garnetite from BH showed Eu/Eu* < 1.  
Garnet from most samples of garnetite from the BH deposit shows Eu/Eu* > 1, whereas those from 
quartz garnetite show Eu/Eu* < 1.  The same anomalies are also observed for bulk rock REE patterns from 
these same rocks (Heimann et al., 2005, 2006; Spry et al., 2006).  Garnet in garnet-rich rocks from other sites in 
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the SCP show flat HREE patterns similar to those exhibited by garnet from BH and possess Eu/Eu* < 1, except 
for those from Cathedral Rock, which show both Eu/Eu* < 1 and small Eu/Eu* > 1 and bell-shaped REE 
patterns.  Although the effects of the tiny inclusions were largely removed from garnet analyses after inspecting 
time resolved signals, the major variation in REE compositions of individual garnets at Cathedral Rock is due to 
compositional zoning and the presence of inclusions (Fig. 8g).  Such zoning is not concentric but generally has 
a patchy distribution.  For samples of quartz garnetite that contain garnet exhibiting Eu/Eu* > 1, the host rock 
possesses Eu/Eu* < 1, suggesting that the anomaly in garnet is caused by the compositional zoning and the 
presence of mineral inclusions.  However, some samples that have been weathered, subject to brittle-shearing, 
or chloritized during retrograde metamorphism show bell shape patterns and the highest V contents (e.g., 
CatR04-23, CatR04-21, CatR04-19; Figs. 6 a-b, 8d).  Of these, sample CatR04-23 is unusual by comparison to 
other garnet-rich rocks in the SPC away from BH because it shows a small positive Eu anomaly and low REE 
contents, and prominent bell-shaped REE patterns in garnet.  Although the rock contains a minor amount of 
plagioclase and relatively high Ca contents compared to other garnet-rich rocks, which may be the cause of the 
positive Eu anomaly, other garnet rocks with higher Ca contents exhibit Eu/Eu* < 1.  Like garnets in sample 
CatR04-23, those in chloritized sample CatR04-19, exhibit bell-shaped patterns.  These patterns, and those in 
sheared samples from Mutooroo that show higher REE contents than the rest of the garnets from this site, show 
that shearing and chloritization have added or depleted the garnets in REEs.  These bell shape patterns are also 
similar to those obtained by Spry et al. (2006) for garnet in metasomatic rocks (e.g., remobilized quartz 
garnetite and garnet envelope) from the BH deposit and indicate that garnets from the SCP formed or affected 
by postdepositional processes and circulation of metasomatic fluids are different from those in unmodified 
metamorphic rocks. 
 
8.3. Chemical/crystallographic constraints on the REEs and the Eu anomaly in garnet 
8.3.1. Significance of REE distribution coefficients between garnet and host rocks 
Studies have shown that the REE distribution in monomineralic rocks is related to chemical-
crystallographic controls, whereas in polymineralic rocks the REE patterns largely reflect physicochemical 
conditions (e.g., Corey and Chatterjee, 1990; Alderton et al., 1980; Taylor and Fryer, 1980; Lottermoser, 1992; 
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Bach et al., 2003; Bau et al., 2004).  For example, a crystallographic control was proposed by Schwandt et al. 
(1993) to explain the strong correlation (0.97) between Eu2+ and Ca and the high abundance of LREEs and Eu 
in garnet in four samples of garnetite from BH.  By contrast, Lottermoser (1988) considered that there was no 
crystallographic control on the abundance of REEs in garnet in these samples, and that REES are present in 
both garnet and the interstices between garnet grains.  Schwandt et al. (1993) also found low LREE/HREE 
ratios in garnets and that an intergranular substance located between garnet grains contained, among other 
elements, the LREEs.   
In the present study, a test was performed to determine if crystallographic constraints control the 
abundance of REEs in garnet in garnet-quartz rocks, which are essentially monomineralic garnet rocks because 
quartz does not incorporate large quantities of trace elements.  The method used here is an adaptation of that 
utilized by Morgan and Wandless (1980) to investigate crystallographic controls of REEs among fluids and 
solid phases in hydrothermal sulfide deposits.  The method was also used to determine crystallographic controls 
of REEs in different minerals from modern hydrothermal systems at TAG and to determine controls on the 
geochemistry of hydrothermal fluids (Klinkhammer et al., 1994; Mills and Elderfield, 1995).  If crystallographic 
controls dominate the abundance of REEs in a given mineral, a linear correlation is expected for the REEs in a 
plot of log KD vs. (rM - rREE)2, where KD = (REE in the mineral) / (REE in the fluid), and rREE and rM are the ionic 
radii (i.r.) of each REE and the major element for which it substitutes (M).  This method only checks for 
crystallographic controls in equilibrium conditions and does not consider the effects of non-equilibrium 
conditions, kinetics, and the complexation of REEs in solution (e.g., Mills and Elderfield, 1995).  A similar 
approach was taken by Irving and Frey (1978) and Koepke et al. (2003) but they used the atomic numbers of 
REEs, instead of the i.r., to determine the partitioning of REEs between garnets and their host volcanic matrix 
or melts.  Partition coefficients between each REE in garnet and its host rock (KD grt/rock) were calculated here 
and plotted against the squared difference in i.r. of the major element (M) and the REEs (rM - rREE)2 (Fig. 10).  
The major element chosen was Mn due to its high correlation with Eu (0.7) and Eu/Eu* (≥ 0.5, depending on 
the study site), especially for Mn-rich, inclusion-free garnets from BH (Fig. 9).  The correlations of Eu/Eu* and 
Eu with Ca was, instead, small (i.e., 0.1).  Values of i.r. in VIII-fold coordination were obtained from Shannon 
(1976), since this is the site in garnet where REEs predominantly substitute for major elements (Jaffe, 1951; 
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Geller, 1967).  Calculated values for each point analyzed in garnet within the same sample are shown 
by different symbols in Figure 10 in which representative examples are shown.  Results of the calculations for 
garnet from garnetite and quartz garnetite in the SCP indicate that the HREEs (Gd-Lu) fall on an approximately 
straight line with roughly constant KD values as the difference in i.r. increases.  LREEs (La-Nd) do not show a 
linear relationship and exhibit wider ranges in KD.  KD values for Sm and Eu2+ vary depending on the rock.  KD 
values for the HREEs are close to 1, whereas those for elements from La to Sm are lower than 1 indicating that 
HREEs are preferentially partitioned into the garnet structure relative to the host rock.  In contrast, the LREEs 
are more abundant in other minerals in the rock.  KD values are < 1 and variable for LREEs because they 
possess i.r. very different from that of Mn and due to the common presence of LREEs in inclusions in garnet 
and in other minerals in the same rock.  This spread is especially evident in garnet in quartz garnetite from 
Cathedral Rock, Meningie Well, and BH (Figs. 10a, b, e).  In most cases the KD for each element is almost the 
same for all garnets analyzed in the same sample, and therefore, the KD values can be considered real and not 
due to analytical errors.  Based on the KD being close to 1 and the linear trend shown by the HREEs, the 
scattered and variable, KD of the LREEs and Eu2+, and the low (< 1) KD for the LREEs for individual garnets 
within the same sample, a crystallographic control is apparent only for elements Gd to Lu. 
Garnet in garnet-rich rocks metamorphosed to the granulite facies (BH, Iron Blow, and Mutooroo) 
show no major element compositional zoning, whereas those metamorphosed to the amphibolite facies (at 
Cathedral Rock and Mengingie Well) are zoned.  Compositional variation of the HREEs in garnet is also shown 
by the differences in their KD values in different garnet grains from the same sample at Cathedral Rock and 
Meningie Well, which are negligible in garnet at BH, Mutooroo, and Iron Blow (Figs. 10 a-f).  The covariation 
of HREEs and Mn content is shown by a positive correlation between Mn and total HREE contents in garnet 
(Fig. 9). 
 
8.3.2. Interelement correlations and the significance of the Eu anomaly 
Because the size and sign of Eu anomalies have been used to interpret the conditions of formation of 
the precursor phases at BH, the possible chemical factors that control these parameters are here evaluated by 
studying interelement correlations among the size of the Eu anomaly (Eu/Eu* value), Eu, and major element 
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contents in garnet.  Results of matrix correlation obtained for major and trace element compositions of garnets 
derived from quartz garnetite and garnetite from the BH deposit yielded positive correlations between the 
following elements: Ca and Mn (0.5), Eu (0.4), total REEs (0.7), and total HREE contents (0.7), and between 
Mn and Eu (0.7) and the Eu anomaly (0.5) (Fig. 9a).  These results show that the correlation between Ca and Eu 
is considerably lower (0.4) than the 0.97 correlation reported by Schwandt et al. (1993).  Moreover, Eu shows a 
higher correlation with Mn (0.7) than with Ca.  In addition, the correlation between the Ca and HREE contents 
supports the conclusion derived from calculations of KD grt/rock that indicated the HREEs are 
crystallographically controlled.  Strong positive correlations exist between the Eu/Eu* value and the Eu (0.9) 
and Mn (0.5) contents of garnet.  The correlations for the same elements at Mutooroo are similar to those for 
BH garnets.  Garnet in garnet-rich rocks at Mutooroo show large negative Eu anomalies.  Garnets in garnet-rich 
rocks from Iron Blow, which are the most Fe rich, also show large negative Eu anomalies.  In addition, the 
Eu/Eu* value in garnet from Iron Blow correlates positively with Fe (0.98) and negatively with Ca (-0.9) and 
Mn (-0.8), which reflects the low Mn content in garnet.  At Polygonum and Meningie Well, the lack of 
significant correlations between the Eu/Eu* value and major element contents in garnet reflects the effect 
imparted by the presence of REE-bearing inclusions and amphibole, which obscure any linear relationship. 
Schwandt et al. (1993) interpreted the strong correlation between Ca and LREEs as indicating that 
higher Ca contents allowed the incorporation of higher amounts of LREEs in garnet.  This interpretation 
coincides with our findings.  However, the current study shows that garnets proximal to ore analyzed by 
Schwandt et al. (1993) exhibit the largest positive Eu anomalies and are Mn- and/or Ca-rich, whereas the most 
distal garnet shows the largest negative Eu anomaly and is Fe-rich.  Another (less) proximal garnet shows a 
small negative Eu anomaly and contains intermediate values of Fe, Mn, and Ca (Schwandt et al., 1993, Fig. 4).  
These observations indicate that the size and sign of the Eu anomaly is dictated by the major element 
composition of garnet: as the Mn content of garnet increases, the amount of Eu and the Eu/Eu* value also 
increase.  A chemical/crystallographic control on the abundance of Eu in garnet explains Eu/Eu* values > 1 in 
Mn-rich garnets, in contrast to Eu/Eu* values < 1 present in Mn-poor, Fe-rich garnets.  Although it has been 
shown that the Eu content is related to the Mn content in garnet, which indicates that higher Mn allows more Eu 
to be incorporated into the garnet structure, calculated KD grt-rock values for Eu2+ and Mn do not always fall in 
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a straight line together with the HREEs.  Therefore, it is also not clear whether Eu is crystallographically 
controlled in all cases (Fig. 10).  However, considering the larger difference in i.r. between VIII-fold 
coordinated Eu2+ and Fe2+ (0.33 Å) compared to that with Mn2+ (0.29Å) and Ca2+ (0.13 Å), the large negative 
Eu anomalies in Fe-rich garnets and the strong positive Eu anomalies in Mn- and Ca-rich garnets in garnet-rich 
rocks in the SCP reflect the preferential discrimination of Eu by Fe-rich garnets (e.g., Bau, 1993), in contrast to 
the preferential incorporation of Eu into Ca- and Mn-rich garnets.  The largest negative Eu anomaly (0.02) was 
found in garnet from Mutooroo that contained low Eu (0.1 ppm) and Mn (2.1 wt. % MnO), whereas the largest 
positive Eu anomaly (up to 8.1) is present in garnet from garnetite at BH with high Mn (28.4 wt. % MnO) and 
Eu (6.9 ppm) contents.  However, it is worth noting that some garnets from Thunderdome that have high Mn 
contents (> 20 wt. % MnO) exhibit Eu/Eu* values < 1 and garnets with high Mn content (23 wt. % MnO) in one 
sample from Doughboy show bell shape patterns. 
A study of the major and REE element composition of garnet versus its host rock shows that the Mn 
content and the Eu anomaly in garnet are dependent upon the composition of the host rock (Heimann, 2006).  
The highest Mn contents in garnet are found in garnetite that contains the highest Mn values and Eu/Eu* > 1, 
compared to lower Mn contents in garnet from quartz garnetite from BH and other sites in the SCP that contain 
lower Mn contents and Eu/Eu* < 1 (Fig. 4d; Heimann, 2006).  Results of interelement correlations for 
compositions and the Eu anomaly in whole rocks that host the analyzed garnets parallel those determined for 
the individual garnet analyses (Heimann, 2006).  Therefore, the major and REE composition and the Eu 
anomaly of the host rock also determine the composition of garnet, its REE pattern, and the sign and size of its 
Eu anomaly. 
 
8.4. Implications for premetamorphic physicochemical conditions 
Mn is carried in high-temperature hydrothermal fluids that contain high amounts of CO2, and under 
reduced conditions.  It is deposited either proximal or distal to the hydrothermal vent under relatively oxidized 
conditions (e.g., Borchert, 1980; Roy, 1992).  Chemical precipitates from modern sea-floors consisting of 
hydrothermal Mn-Fe oxides, silica, carbonates, anhydrite, and barite typically show Eu/Eu* > 1 even at T << 
250 ºC (e.g., Humphris, 1998; Bach et al., 2003; Hein et al., 2005; Canet et al., 2005).  Sverjensky (1984) 
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showed, based on theoretical considerations, that at T > 250 ºC Eu2+ prevails over Eu3+ in hydrothermal fluids, 
while Bau (1991) indicated that under these conditions the fluids develop positive or negative Eu anomalies 
depending on whether the REE content of the fluid is governed by complexation or sorption processes.  Other 
studies have shown that the REE pattern of a hydrothermal fluid and chemical precipitate depends on 
fractionation during precipitation of mineral phases, sorption of REEs onto constituent minerals, mixing of the 
fluid with cool waters, T, fO2, pH of the fluid, and compositional changes in the source (e.g., Bau, 1991; 
Humphris, 1998; Bau et al., 2003; Bach et al., 2003; Decker et al., 2006).  Consideration of these factors and 
data derived here suggest that the Eu contents and the Eu/Eu* value of the hydrothermal fluid and the Fe-Mn(-
Ca) oxides/hydroxides/carbonates, which are precursors to garnet in the SCP are dependent upon: 1) relative 
proportion of the hydrothermal fluid or chemical precipitate to the amount of detrital sediments, the last of 
which exhibit negative Eu anomalies; 2) the T and fO2 of the fluid, the amount of Eu2+ in the fluid, and 
precipitation rate and mixing of the fluid with ambient water; and 3) the major element composition of the 
hydrothermal fluid and resulting precipitate.  The shape and total REE content of the garnet-rich rocks may 
reflect the relative contribution of hydrothermal versus detrital components to the precursor phases (e.g., Peter 
and Goodfellow, 1996; Spry et al., 2000).  However, Heimann (2006) showed that this can not explain the 
differences in Eu anomalies in whole rock because garnetite and quartz garnetite from BH and garnet-rich rocks 
from other sites in the SCP have essentially the same amount of REEs.  Garnetite was shown to contain lower 
Fe/Ti ratios and, therefore, a higher detrital contribution than other garnet-rich rocks.   
Large positive and negative Eu anomalies in the garnet indicate the decoupling of Eu from the trivalent 
REEs during mobilization and precipitation and, probably, the predominance of Eu2+ over Eu3+ (in the rock and 
within the structure of garnet).  This indicates that the T of the hydrothermal fluid that formed the precursors 
was > 250 °C, as this is required to develop a large Eu anomaly (Sverjensky, 1984).  However, the high 
amounts of Eu can also be explained by the preferential accumulation of middle REEs in the precursor minerals.  
Low Eu contents in the precursors to garnet with Eu/Eu* < 1 could have resulted from a low abundance of Eu2+ 
in the fluid due to a low alteration/amount of feldspar in basaltic source rocks (e.g., Graf, 1977; Lottermoser, 
1992; Bau et al., 1998), whereas high Eu contents in garnet with Eu/Eu* > 1 resulted from destruction of large 
quantities of feldspar. 
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Lottermoser (1988) and Schwandt et al. (1993) considered that positive and negative Eu anomalies in 
garnet in garnetite proximal and distal to the BH deposit, respectively, reflected variations of T, availability of 
Eu, and fO2 conditions of the hydrothermal fluid with proximity to the hydrothermal source.  However, this 
study shows that the sign and size of the Eu anomaly is directly related to the chemical composition of garnet 
and its host rock and changing T, fO2, and compositions of the hydrothermal fluid also prevailed within the BH 
deposit.  The size of the Eu anomaly in garnet is dependent on the amount of Mn, Fe, Ca, and Eu in garnet, 
which reflects the composition of the precursor minerals and the hydrothermal fluid.  The negative Eu 
anomalies present in garnetite distal to the BH deposit reflect the low Mn and metal content of the hydrothermal 
fluid.  The importance of the chemical composition of garnet and the partitioning of REEs among mineral 
phases in determining the shape of the REE pattern is supported by other studies.  For example, Bau et al. 
(2003) showed that the effect imparted by complexation and partitioning of REEs between rocks and mineral 
phases such as monazite, apatite, and titanite and hydrothermal fluids, as well as sorption processes and the 
mineralogy and composition of the precipitate strongly control the mobility and fractionation of REEs in 
hydrothermal systems.  Therefore, the chemical composition of the precipitate, which depends on the 
composition of the fluid, complexing agents present, and the degree of fractionation among minerals and 
between the fluid and minerals, determined the nature of the Eu anomaly in garnet in the SCP.  Slow 
precipitation and mixing of the hydrothermal fluids with oxidized ambient sea water produced a decrease in the 
T and an increase in the fO2 of the fluid.  This oxidized fluid allowed the precipitation of higher amounts of Mn 
in minerals that incorporated larger quantities of Eu in the precursors to garnet in garnetite at BH compared to 
Mn-poor quartz garnetite and garnet-gahnite rocks at BH and garnet-rich rocks from other sites in the SCP.  
Such changes to the T and composition of the hydrothermal fluids that produced Mn-bearing chemical 
precipitates are expected in the SCP, as well as variations in the hydrothermal fluid flux with time, since similar 
fluctuations are observed in modern hydrothermal environments such as at the Trans Atlantic Geotraverse 
(TAG) in the Mid Atlantic Ridge (MAR) and the North Atlantic Ocean (e.g., Bogdanov et al., 1998; Herzig and 
Hannington, 2000). 
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8.5. Ce anomalies in garnet 
Modern seawater commonly shows negative Ce anomalies while positive Ce anomalies are observed 
in hydrothermal and hydrogenetic Fe-Mn oxides and crusts (Elderfield, 1988; Bau et al., 1996; Hein et al., 
2005).  Negative Ce anomalies are developed because Ce3+ dissolved in seawater or a hydrothermal fluid is 
oxidized to Ce4+, which is insoluble, and is removed from the fluid and adsorbed onto Fe-Mn particles.  Wright 
et al. (1993) suggested that the absence of Ce anomalies in the REE patterns of exhalites reported by 
Lottermoser (1989) indicated the lack of interaction between the hydrothermal precipitates and basinal brines.  
REE studies of garnet-rich rocks in the SCP, including the BH deposit, by Heimann (2006) showed that the Ce 
anomalies (as well as Y anomalies) are essentially absent.  REE analyses of garnet from the SCP obtained in 
this study show the absence of anomalies and both very small positive and negative Ce anomalies in garnets 
from the same sample.  In contrast to these results, Rozendaal and Stalder (2000) interpreted negative Ce 
anomalies in REE garnet patterns from the ore zone at the Gamsberg deposit as an indication of prolonged 
exposure of the protoliths of garnet-rich rocks to seawater.  However, positive Ce anomalies are also visible in 
garnet patterns from their Ca-Mn marbles and it is unclear what caused these anomalies.  Our REE studies of 
garnet in garnet-rich rocks indicate a minimal entrainment of precursor phases to garnet in oxidized seawater, 
which is explained by the rapid precipitation of REEs from hydrothermal fluids and lack of equilibration with 
ambient seawater, and/or the low PO2 levels of Paleoproterozoic water and atmosphere, which were too low  for 
stabilizing  significant amounts of Ce(IV) compounds (e.g., Bau and Möller, 1993; Bau and Dulski, 1996). 
 
8.6. Comparison with garnet from the Gamsberg deposit 
Rozendaal and Stalder (2000) and Stalder and Rozendaal (2005) showed that garnet in garnet-rich 
rocks in the Mn-rich Gamsberg deposit, South Africa, exhibit LREE-depleted, HREE-enriched patterns with flat 
HREE trends and positive and negative Eu anomalies.  Patterns of garnet from the SCP that are unmodified by 
alteration, deformation, or retrograde metamorphism are almost identical to those from Gamsberg.  Garnet from 
ore-bearing rocks at Gamsberg shows Eu/Eu* values > 1, spessartine-almandine garnet in metamorphosed 
hydrothermal rocks that envelope the deposit shows Eu/Eu* < 1, and those from metamorphosed calc-silicate 
rocks show Eu/Eu* values of 0 and < 1.  Garnet from metamorphosed hydrothermal rocks and ore lithologies 
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coexist with apatite, which shows positive Eu anomalies (Stalder and Rozendaal, 2005).  Based on these 
observations and the recognition of both types of anomalies derived from the large data set obtained for garnet 
at BH, we speculate that negative Eu anomalies are also probably present in other garnets at the Gamsberg 
deposit but that positive Eu anomalies are characteristic of the ore zone only. 
Stalder and Rozendaal (2005) showed that garnets from Gamsberg are enriched in Zn and V and 
depleted in Ti and Zr compared to garnet in host rocks and iron formations.  An enrichment in Zn and a 
depletion in Ti are also observed in garnets from the BH deposit.  However, garnet from BH is not enriched in 
V or depleted in Zr.  These enrichments and depletions in garnets from both deposits compared to those in 
garnet-rich rocks distal to ore reflect the high Zn content of ore-bearing lithologies.   
 
8.7. Trace element composition of garnet as an exploration guide 
Based on the presence of positive and negative Eu anomalies in garnet REE patterns in samples 
proximal and distal to the BH and Gamsberg deposits, Schwandt et al. (1993), Lottermoser (1988), and Stalder 
and Rozendaal (2005) proposed that positive Eu anomalies in garnet could be used as an exploration guide in 
the search for BHT deposits.  Although all samples of garnetite and quartz garnetite derived from the BH 
deposit are considered to be proximal to a fossil hydrothermal vent, the proximal or distal position of samples 
collected from other locations in the SCP is uncertain.  Regardless of the distal or proximal location of garnet in 
garnet-rich rocks to fossil vent systems, Mn-poor, Fe-rich garnet from these rocks in the SCP show negative Eu 
anomalies.  At BH, Mn-poor, Fe-rich garnet in quartz garnetite and garnet-gahnite rocks shows negative Eu 
anomalies, whereas Mn- and Mn–Ca-rich garnet in garnetite and carbonate- and hedenbergite-bearing rocks 
shows positive Eu anomalies.  Positive Eu anomalies (Eu/Eu* > 1) in garnet with high Mn (up to 28.4 wt. % 
MnO) and Ca-Mn contents, and high Zn (1200 ppm), Cr (650 ppm), and Eu (6 ppm), and low Co, Ti, and Y 
contents can be used as exploration guides as they are found in proximity to sulfide mineralization.  Garnets 
from BH that coexist with gahnite and sphalerite have high Zn values (732 ppm), and garnets that coexist with 
sphalerite also have high Zn contents (470 ppm Zn).  Garnet that contains > 400 ppm Zn and > 200 ppm Cr are 
considered to be good indicators of close proximity to sulfides.   
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9. Conclusions 
Metamorphic garnets that were unaffected by postdepositional alteration, retrograde chloritization, and 
brittle shearing, or that were not formed by metasomatic fluids during metamorphism, show flat HREE patterns 
that reflect the physicochemical conditions of the hydrothermal fluid from which the precursor phases 
precipitated.  Interelement correlations and KD grt/rock calculations indicate that the HREEs are 
crystallographically controlled in garnet, whereas the LREEs are not.  The size of the Eu anomaly in garnet is 
chemically/crystallographically controlled by the Mn, Fe, Ca, and Eu content of garnet and the distribution of 
REEs among garnet and accessory phases.  REE patterns of Mn- and Mn–Ca-enriched, Fe-poor garnet in 
garnetite and garnet-hedenbergite, -bustamite, and -rhodonite rocks from the BH deposit show Eu/Eu* > 1, in 
contrast to Eu/Eu* < 1 exhibited by Mn-poor, Fe-enriched garnets in quartz garnetite and garnet-gahnite rocks 
from BH and garnet-rich rocks from other sites in the SCP.  The smallest Eu/Eu* values (largest negative Eu 
anomalies = 0.02) were found in garnet from Mutooroo with low Eu (0.1 ppm) and Mn (2.1 wt. % MnO) 
contents, whereas the highest Eu/Eu* values (largest positive Eu anomalies = 8.1) are present in garnet from BH 
garnetite with high Mn (28.44 wt. % MnO) and Eu (6.9 ppm) contents.  In garnet-quartz rocks from the SCP, 
which are essentially monomineralic rocks, the Eu/Eu* value reflects crystallographic-chemical controls.  The 
partitioning of REEs and other trace elements between garnet and other minerals needs to be considered when 
making interpretations about the origin of the rocks or when using Eu anomalies as an exploration guide.   
Precursor to Mn-rich garnets with Eu/Eu* > 1 formed from oxidized fluids that deposited larger 
amounts of Mn compared to those in the precursor to quartz garnetite and garnet-gahnite rocks at BH and 
garnet-rich rocks in other sites in the SCP.  Garnet from quartz garnetite at BH and those from garnet in other 
sites in the SCP exhibit identical REE patterns and Eu/Eu* < 1.  However, enrichments in Mn, Zn, Cr, and 
Eu/Eu* > 1 are characteristic of garnet from BH, whereas enrichments in Co, Ti, and Y in garnet that show 
Eu/Eu* < 1 are shown by garnet in garnet-rich rocks in other sites from the SCP.  Garnet in garnet-rich rocks 
with Eu/Eu* > 1, Eu > 5 ppm, MnO > 15 wt. %, Zn > 400 ppm, and Cr > 200 ppm can be used as guides in the 
exploration of BHT deposits. 
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Captions to figures and tables 
Figure 1.  General map showing the location and extent of the Proterozoic Curnamona Province, Australia. 
 
Figure 2.  Geological map of the southern Curnamona Province showing the location of study sites and the 
Pinnacles deposit. 1. Meningie Well. 2.  Cathedral Rock. 3. Doughboy. 4. Weekeroo. 5. Mutooroo. 6. Hunters 
Dam. 7. Polygonum. 8. Thunderdome. 9. Iron Blow (after Clark et al., 2004).  
 
Figure 3. Photomicrographs of garnet-rich rocks from the southern Curnamona Province. a. Garnet and minor 
quartz, garnetite, Broken Hill. b. Garnet-quartz rock, Iron Blow.  c. Laminated garnetite and quartz-garnet-
magnetite rock, Thunderdome. d. Quartz-garnet rock, Mutooroo. e. Garnet-quartz rock, Cathedral Rock. f. 
Quartz-garnet, garnet-quartz, and quartz-biotite-garnet laminations, Polygonum prospect, sample IN2B-414.8m. 
g. Garnet-amphibole-carbonate rock, Weekeroo. h. Garnet-amphibole rock, Meningie Well.  Abbreviations 
after Kretz (1983). 
 
Figure 4.  Ternary diagram of garnet in garnet-rich rocks from the southern Curnamona Province, Australia. a. 
Cathedral Rock, Meningie Well, Mutooroo, Iron Blow, and Weekeroo. b. Thunderdome, Polygonum, Hunters 
Dam, and Doughboy. c. Broken Hill deposit, including all rock types. d. Garnet from garnetite and quartz 
garnetite, Broken Hill deposit. Data represented in c include those from Spry (1978). 
  
Figure 5.  Chondrite-normalized trace element patterns of garnet from garnet-rich rocks from the southern 
Curnamona Province. a. Mutooroo. b. Iron Blow. c. Cathedral Rock. d. Meningie Well. e. Doughboy. f. 
Weekeroo. g. Polygonum prospect. h. Hunters Dam and Thunderdome. Normalized values after McDonough 
and Sun (1995). 
 
Figure 6.  Chondrite-normalized REE patterns and Eu anomalies of garnet from selected samples referred to in 
the text and amphibole from Meningie Well. a. Cathedral Rock (samples CatR04-6A and 19). b. Cathedral 
Rock garnet (samples CatR04-21 and 23) and LREE-rich inclusion (in sample CatR04-21). c. Amphibole, 
Meningie Well. d. Doughboy garnet (sample Doughb-15). e. Eu/Eu* vs. Total REEs. 
 
Figure 7.  Chondrite-normalized trace element patterns of garnet from the Broken Hill deposit and 
metasedimentary rocks, Curnamona Province. a. Garnet in Garnetite. b. Garnet in quartz garnetite. c. Garnet 
from a garnet-sillimanite gneiss from Broken Hill. d. Garnet from a garnet-biotite-muscovite schist and a 
LREE-rich inclusion from Cathedral Rock. 
 
Figure 8.  Binary plots of garnet compositions (in ppm) from garnet-rich rocks from the Broken Hill deposit and 
eight other sites in the southern Curnamoma Province. a. Eu/Eu* vs. Mn. b. Co vs. Zn. c. Y vs. Sc. d. V vs. Cr. 
e. Ti vs. Co. f. Zn vs. Ti.  g. Time-resolved LA-ICP-MS signal of a garnet analysis showing peaks of Ni, Y, Zr, 
Ba, La, and Pr indicative of zoning and/or mineral inclusions (Cathedral Rock sample CatR04-20-8). 
 
Figure 9.  Correlation matrix for garnet in: a. Quartz garnetite and garnetite from Broken Hill, b. Garnet-quartz 
rocks from Mutooroo, c. Garnet-quartz rocks from Iron Blow, and d. Garnet-amphibole rocks from Meningie 
Well. 
 
Figure 10.  Calculations of distribution coefficients (KD) of REEs between garnet and its host rock for garnet 
from garnet-rich rocks as a function of the squared difference in ionic radii between Mn2+ and the REE (rMn - 
rREE)2. Eu is assumed to be in its Eu2+ state.  Values of ionic radii are taken from Shanon (1976).  Symbols in 
each diagram represent data for different garnets from a single sample. 
 
Table 1.  Mineralogy of garnet-rich rocks from the southern Curnamona Province. 
 
Table 2.  Representative major element compositions of garnet from garnet-rich rocks in the southern 
Curnamona Province. 
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Table 3.  Representative major element compositions of minerals that coexist with garnet in garnet-rich rocks, 
southern Curnamona Province. 
 
Table 4.  Appendix 1. Trace element compositions and REE indices of garnet from nine localities in the 
southern Curnamona Province. Eu/Eu*= Eu/((Sm+Gd)/2). Ce/Ce*= Ce/((La+Pr)/2). 
 
Table 5.  Appendix 2. Trace element compositions and REE indices of garnet from garnet-rich rocks from the 
Broken Hill deposit. Anomalies as in Table 4. 
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Figure 3. Photomicrographs of garnet-rich rocks from the southern Curnamona Province. a. Garnet and minor 
quartz, garnetite, Broken Hill. b. Garnet-quartz rock, Iron Blow.  c. Laminated garnetite and quartz-garnet-
magnetite rock, Thunderdome. d. Quartz-garnet rock, Mutooroo. e. Garnet-quartz rock, Cathedral Rock. f. 
Quartz-garnet, garnet-quartz, and quartz-biotite-garnet laminations, Polygonum prospect, sample IN2B-414.8m. 
g. Garnet-amphibole-carbonate rock, Weekeroo. h. Garnet-amphibole rock, Meningie Well.  Abbreviations 
after Kretz (1983). 
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Figure 5.  Chondrite-normalized trace element patterns of garnet from garnet-rich rocks from the southern 
Curnamona Province. a. Mutooroo. b. Iron Blow. c. Cathedral Rock. d. Meningie Well. e. Doughboy. f. 
Weekeroo. g. Polygonum prospect. h. Hunters Dam and Thunderdome. Normalized values after McDonough 
and Sun (1995). 
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Figure 7.  Chondrite-normalized trace element patterns of garnet from the Broken Hill deposit and 
metasedimentary rocks, Curnamona Province. a. Garnet in Garnetite. b. Garnet in quartz garnetite. c. Garnet 
from a garnet-sillimanite gneiss from Broken Hill and a garnet-biotite-muscovite schist and a LREE-rich 
inclusion from Cathedral Rock. 
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Figure 8.  Binary plots of garnet compositions (in ppm) from garnet-rich rocks from the Broken Hill deposit and 
eight other sites in the southern Curnamoma Province. a. Eu/Eu* vs. Mn. b. Co vs. Zn. c. Y vs. Sc. d. V vs. Cr. 
e. Ti vs. Co. f. Zn vs. Ti.  g. Time-resolved LA-ICP-MS signal of a garnet analysis showing peaks of Ni, Y, Zr, 
Ba, La, and Pr indicative of zoning and/or mineral inclusions (Cathedral Rock sample CatR04-20-8). 
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Table 1. Mineralogy of garnet-rich rocks from the southern Curnamona Province, Australia 
Sample Site Mineralogy 
DDHP2-632m Thunderdome Grt-pl-qtz-mag-ilm-bt-py 
DDHP2-724.2m  Grt-qtz/grt-ilm/grt-qtz-bt-fsp(?)/bt-sc-grt-gah/grt-mag-bt 
M3B Mutooroo Grt-qtz 
M4E  Grt-qtz 
M4D  Grt-qtz-ilm 
M7A  Qtz-grt-bt-ms1  
IN2B-309m Polygonum Grt-qtz/qtz-grt-bt-chl1
IN2B-393.1m  Grt-qtz-gah 
IN2B-414.8m  Grt-qtz/grt-qtz-bt 
IN2B-540.9m  Qtz-grt/qtz/fsp-qtz-bt-grt/qtz-chl-grt-ms 
IN2B-573.8m  Qtz-grt lens/qtz-bt-grt 
IN2B-604.5m  Grt-qtz/grt-cal 
HDDO2-425.8m Hunters Dam Grt-qtz-pl-bt-py-ccp/bt-qtz-fsp-grt 
CatR04-3A Cathedral Rock Qtz-grt-ilm-bt-chl1  
CatR04-6A  Qtz-grt-bt-ilm-chl-sp 
CatR04-10  Qtz-grt-bt-ilm 
CatR04-13A  Grt-qtz-Na pl-ms-ilm-bt-ttn 
CatR04-18  Grt-qtz-ilm-mica 
CatR04-19  Grt-qtz-bt-chl1/chl1-qtz-grt 
CatR04-20  Grt-qtz-chl1-ilm 
CatR04-21  Qtz-grt-chl1-ilm-bt-ms-sil(?) 
CatR04-23  Qtz-grt-bt-chl1-fsp 
CatR04-25A  Grt-qtz-ilm-chl1
CatR04-8  Qtz-ms-grt-tur-chl1
Doughb 4 Doughboy Grt-bt-fl-qtz-oxides 
Doughb 11  Qtz-grt-pl-ms-gah 
Doughb 12  Qtz-grt-bt-ilm-ms-fsp-oxide-gah 
Doughb 15  Qtz-grt, yellow mica (repl)-hem/mag 
MenWS 2 Meningie Well Grt-gru 
MenWS-3  Grt-gru, trace ilm, po, ccp  
MenWS 12  Grt-gru-Mn ilm-mag 
MenWS 13  Grt-gru (<1%) 
MenWS 14  Grt-gru-Mn-Zn ilm 
W1 Weekeroo Grt-gru-qtz-calc-ap-tit 
W4B  Grt-gru, qtz-gru-grt-ap 
W6  Grt-gru-qtz-plag-mag-ilm-F-ap 
W12  Grt-fac-ep-fsp-qtz-tit-calc 
IBIow-5 Iron Blow Qtz-grt-ilm 
IBIow-6  Grt-qtz-bt-ilm-mnz 
IBIow-10  Qtz-grt-bt-ilm 
IBIow-12  Grt-qtz-bt-ilm-mnz 
Abbreviations after Kretz (1983); fsp feldspar; gah gahnite; sc sericite; 1 retrograde; repl replacement. 
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Table 3. Representative major element compositions of minerals that coexist with garnet. 
 Ilm Ilm Chl Chl Chl Gru Gru Gah 
 CtR04-21 W6 IN309 CtR04-19 CatR4 W6 MWS14 IN2B393.1 
wt. % N=7 N=3 N=3 N=3 N=1 N=3 N=7 N=12 
SiO2   0.02 0.00 25.24 23.87 24.07 50.94 50.97 0.15 
TiO2   50.32 52.47 0.07 0.03 0.02 0.03 0.00 0.02 
MgO    0.01 0.02 7.63 5.54 2.18 8.66 9.71 1.63 
K2O    0.01 0.00 0.40 0.02 0.36 0.01 0.02 0.01 
ZnO    0.21 0.05  0.10  0.02  28.06 
Al2O3  0.05 0.04 20.67 20.38 20.99 0.21 0.18 56.09 
CaO    0.03 0.01 0.21 0.02 0.73 0.61 0.62 0.02 
F      0.00 0.00 0.01 0.02 0.05 0.01 0.00 0.01 
Cl     0.00 0.01 0.06 0.06 0.09 0.02 0.01 0.01 
FeO    25.39 33.73 32.24 39.65 36.06 32.85 29.31 12.09 
MnO    23.19 13.42 1.16 0.93 1.36 6.03 6.23 0.20 
Na2O   0.19  0.13  0.03  
P2O5           
Total   99.23 99.76 87.87 90.60 85.99 99.37 97.07 98.29 
         
apfu 6 6 12 24 12 24 12 4 
Si  0.001 0.000 2.379 4.537 2.381 8.232 4.154 0.004 
Ti 1.942 1.995 0.005 0.004 0.002 0.004 0.000 0.000 
Mg 0.001 0.001 1.071 1.568 0.321 2.086 1.179 0.073 
K 0.000 0.000 0.048 0.005 0.045 0.001 0.002 0.000 
Zn 0.008 0.002  0.014  0.003  0.623 
Al 0.003 0.003 2.298 4.566 2.448 0.040 0.017 1.988 
Ca 0.002 0.001 0.021 0.005 0.077 0.105 0.054 0.001 
F 0.000 0.001 0.003 0.009 0.016 0.006 0.001 0.001 
Cl 0.000 0.000 0.009 0.020 0.014 0.005 0.001 0.001 
Fe 1.090 1.426 2.546 6.301 2.984 4.439 1.998 0.304 
Mn 1.008 0.575 0.093 0.151 0.114 0.825 0.430 0.005 
Na   0.035  0.025  0.005  
P         
Total 4.055 4.004 8.508 17.179 8.428 15.745 7.841 3.001 
Gah = gahnite. 
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Appendix 2. Table 5. Trace element compositions of garnet from the Broken Hill deposit 
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Abstract 
Sediment-hosted, low-grade Paleoproterozoic Zn-Pb-Ag and Cu-Au mineralization occurs at the 
Polygonum, Thunderdome, Hunters Dam, and Benagerie Ridge prospects under thick sedimentary cover in the 
northernmost part of the Olary Domain (OD) in the southern Curnamona Province (SCP).  This mineralization 
was metamorphosed to lower greenschist facies at Benagerie Ridge, upper greenschist facies at Hunters Dam, 
and lower-upper amphibolite facies at Polygonum and Thunderdome.  The general lithostratigraphy for each 
prospect is similar and can be subdivided into four main units.  Unit 1, at the base of the stratigraphic section, 
hosts Cu mineralization and is characterized by the presence of oxidized magnetic metapsammopelites of the 
Curnamona Group (OD) and the Himalaya Formation of the Thackaringa Group (BHD).  Unit 2 consists of 
sulfide-rich, pyritic carbonaceous pelites, calcareous shales/silts, carbonates, calc-silicates, carbonate lenses, 
and feldspar-carbonate layers and includes the Bimba Formation of the lower Strathearn Group (OD) and the 
Ettlewood Calc-Silicate Member (BHD).  Synsedimentary sulfide mineralization occurs as fine-grained layers 
of pyrite and sphalerite intercalated with laminated pelitic schists, calcareous pelites, and Mn-bearing sideritic 
carbonates and resembles sulfide mineralization at the HYC deposit, Queensland.  C and O isotope analyses of 
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calcite from the Bimba Formation and lower parts of unit 2 show δ13CPDB values between -10.2 and -0.8 ‰ and 
δ18OPDB values between -19.2 to -16.8 ‰.  Differences in δ13C in samples from the same area suggest that the 
lower δ13C values represent higher amounts of original organic C or that equilibrium homogenization during 
metamorphism was not attained.  δ13C values are higher than those for carbonates from BH ore, which are 
extremely low (~ -26 ‰ to -21 ‰ PDB) and resulted from volatilization and high temperature effects during
metamorphism.  Oxygen isotopes are slightly higher than those from the BH deposit.  Laminated carbonaceous 
pelites and pelites of the Plumbago Formation (unit 3) are devoid of sulfides and constitute a marker unit found 
throughout the SCP.  Unit 4 at the top of the stratigraphic sequence consists of metapsammopelitic phyllites and 
laminated andalusite or chiastolite phyllites that contain garnet and gahnite, laminated garnetite, quartz 
garnetite, Mn-bearing banded iron formation, amphibolite, and stratabound hydrothermal Pb-Zn and Zn-Pb 
mineralization.  This unit, which is present at the Polygonum and Thunderdome prospects, is stratigraphically 
equivalent to the lower Saltbush Subgroup of the Strathearn Group (OD) and the upper Broken Hill Group 
(BHD), which hosts the BH deposit.  Base metals occur in carbonates and pelites and close to redox boundaries 
between units 1 and 2, and units 2 and 3.  Whole rock values of  > 4 ppm Tl, > 25 ppm Cd, > 17 ppm Se in units 
2 and 4, a Zn/(Zn+Fe) ratio of  > 0.6 for zincian spinel,  a (Mn+Fe+Mg)/(Mn+Fe+Mg+Ca) ratio > 0.9 for 
carbonates, a Mn/(Mn+Fe+Mg) ratio > 0.6 for garnet in garnet-quartz rocks, and a Mn/(Mn+Ca+Fe) ratio > 0.3 
for garnet in calc-silicate rocks are geochemical indicators of stratabound Pb-Zn mineralization in the northern 
part of the SCP. 
 
1. Introduction 
The world class Pb-Zn-Ag Broken Hill deposit (280 Mt) and minor Broken Hill-type (BHT) deposits, 
including the second largest BHT deposit, the Pb-Zn-Ag Pinnacles deposit (2 Mt), occur in the southern 
Paleoproterozoic Curnamona Province (SCP), Australia (Fig. 1).  These deposits are stratabound sulfide 
concentrations hosted by complexly deformed amphibolite to granulite facies volcanosedimentary sequences 
and characterized by the spatial association of sulfides with Fe-Mn-Ca-Si-rich rocks (e.g., Walters, 1996).  
Other types of mineralization in the SCP include Ettlewood-type layered calc-silicate rocks containing base 
metal sulfides, Hores-type stratabound W deposits, and Thackaringa-type Ag-Pb veins (e.g., Burton, 1994).  In 
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addition, drilling in areas under sedimentary cover in the northern part of the SCP has revealed significant 
amounts of low-grade, sediment-hosted, stratabound Zn-Pb-Ag and Cu-Au mineralization in tens of minor 
prospects that occur in rocks metamorphosed from greenschist to amphibolite facies (Barnes, 1988; Bierlein et 
al., 1996; Leyh and Conor, 2000).  The present study focuses on four of these mineralized areas (Polygonum, 
Thunderdome, Hunters Dam, and Benagerie Ridge) where significant Pb, Zn, and Ag intersections include 43.8 
m at 0.6 % Pb+Zn and 3.8 m at 9.25 % Pb+Zn (Polygonum; Leyh and Corbett, 2003; Corbett, 2004; Corbett 
and Leyh, 2005), 54 m at 0.84% Zn, 0.17% Pb, and 4 g/t Ag and 204 m at 0.26 % Zn in HDDO3 (Hunters Dam; 
Yates and Randell, 1994; Leyh and Conor, 2000), 79 m of 0.38 % Zn with 1m zones at 3.4 % Zn (Benagerie 
Ridge; Yates and Randell, 1994), and 4.6 m at 1.14 % Pb and 0.31 % Zn (Leyh and Lea, 1996; Leyh, 1997).  
The presence of the Broken Hill and Pinnacles deposits and the discovery of these low-grade but potentially 
large-tonnage occurrences make the SCP an attractive target for base and precious metals exploration.  
However, most of these low-grade occurrences lie in northern parts of the SCP under recent sediments and 
have, in large part, been explored for using geophysical techniques (magnetics, EM, and gravity), diamond and 
rotary air blast drilling, and geochemical surveys (e.g., Leyh and Conor, 2000).  Therefore, knowledge of the 
stratigraphy, rock geochemistry, and types of base metal mineralization in this part of the SCP are essential 
tools in the search for base metals.   
Previous studies of base metal mineralization in the northern part of the SCP focused on the sulfide 
and alteration mineralogy, sulfur and lead isotope and fluid inclusion studies, whole rock geochemistry, and 
regolith geochemistry (e.g., Bierlein, 1995; Bierlein et al., 1996; Hills, 1999; Tonui, et al., 2003; Clark et al., 
2004).  Regional and local studies of sulfide mineralization allowed the metasedimentary sequences to be 
subdivided into various stratigraphic units (e.g., Cook and Ashley, 1992; Dugmore, 1998, 2000; Leyh, 1998; 
Leyh and Conor, 2000; Teale, 2000; Hedger and Dugmore, 2001).  Attempts at correlating these units with 
those associated with the Broken Hill and Pinnacles deposits have been made but there is considerable debate 
concerning the stratigraphic relations between units in the Olary Domain and those in the Broken Hill Domain 
(e.g., Leyh and Conor, 2003; Page et al. 2005a; Conor, 2006).  
Based on solid geology interpretations and drill core logging, Leyh and Conor (2000) outlined the 
lithostratigraphy and types of sulfide mineralization along 150 km of strike length under the Mundi Mundi Plain 
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from five drill holes at Hunters Dam (one), Polygonum (two), Thunderdome (one), and Traverse prospects 
(one).  Stratigraphic studies by Leyh and Conor (2000) and  Page et al. (2005a) serve as a starting point for this 
contribution in which the aims are to characterize stratigraphic units that are recognizable on a regional scale 
using petrographic and geochemical information (whole rock major, trace element and C-O isotopic 
compositions), and to evaluate the different styles of sulfide mineralization.  Although Cu-Au mineralization is 
a major focus of exploration in the SCP, the present contribution focuses on stratabound Zn-Pb mineralization 
and its possible genetic relationship to BHT mineralization.   
 
2. Geological setting and stratigraphy 
The SCP is divided into the eastern Broken Hill Domain (BHD) and the western Olary Domain (OD; 
Fig. 1; Crooks, 2001), and is largely composed of the ~1720 to 1640 Ma Willyama Supergroup (Page et al., 
2005b), a 7-km thick package that consists of poly-deformed and metamorphosed sedimentary rocks, minor 
volcanic rocks, lesser chemical precipitates, and later intrusive rocks.  This package of rocks is interpreted as 
the infill of an intracontinental rift system (Stevens et al., 1983).  The sequence of rocks in the SCP has been 
affected by at least three episodes of deformation with six deformation episodes being described by Plimer 
(2006).  These deformation events and associated metamorphism are related to Paleoproterozoic Olarian (~1600 
Ma) and Cambrian Delamerian orogenies (~500 Ma; e.g., Page and Laing, 1992).  The metamorphic grade 
reached granulite facies near Broken Hill, and decreased to the north and northeast of the SCP in the OD to 
upper greenschist facies (Phillips, 1980; Clarke et al., 1987). 
The timing of deformation events in the SCP is controversial.  Geochronological studies by Nutman 
and Ehlers (1998), Donaghy et al. (1998), Gibson (2000) and Gibson and Nutman (2004) suggest structural and 
metamorphic events at ~1690-1650 Ma, whereas Page and Laing (1992) and Page et al. (2005a, b) do not 
recognize high-grade metamorphic events earlier than ~1600 Ma.  However, older deformation and 
metamorphic events were recognized in the OD by Teale and Fanning (2000).  
 The Curnamona Group, in the lower part of the OD, is an oxidized package subdivided into the basal 
Wiperaminga Subgroup, which consists of magnetic highly albitized, psammopelites, psammites, and pelites, 
and volcanic rocks, and the upper Ethiudna Subgroup, which is composed of fine-grained, locally albitized,
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metasedimentary rocks and minor calc-silicate rocks (Peryhumuck and Whey Whey Formations; 1712-1715 
Ma; Conor, 2000).  The youngest detrital zircons in the Curnamona Group are 1730 to 1710 Ma, while an U-Pb 
zircon age of 1703 ± 6 Ma was obtained from a tuffaceous rock that hosts the Portia Cu-Au deposit in the 
northern part of the Benagerie Ridge Magnetic Complex (Teale and Fanning, 2000; Teale, 2003; Conor, 2006).  
These ages are similar to detrital ages of the Thackaringa Group in the BHD (Donaghy et al., 1998; Page et al., 
2005a).  Other Cu-Au mineralization is known in the Curnamona (~ 1715 Ma) and Thackaringa Groups (≤ 1720 
Ma), the latter of which is also host to the Pinnacles deposit (Barnes, 1988).   
Recent studies by Page et al. (2005a) show that the carbonate and calc-silicate, metalliferous Bimba 
Formation of the OD correlates with the polymetallic Ettlewood Calc-Silicate Member of the BHD (e.g., 
Ashley, 2000; Conor, 2000 a, b; Page et al., 2003) at the lowest parts of the Strathearn (OD) and Broken Hill 
Groups (BD), respectively.  The Ethiudna Subgroup and the Bimba Formation were interpreted by Cook and 
Ashley (1992) to have formed in a shallow evaporitic environment.  In addition to its high base metal content, 
the Bimba Formation serves as an important stratigraphic marker horizon in the Willyama Supergroup since it 
forms at the transition between oxidized, magnetite-bearing metasedimentary units (below) and a reduced 
sequence of rocks (above).  This regional redox boundary has been useful in exploration, especially for 
mineralization below cover (Leyh and Conor, 2000).  There is some question as to whether the recently named 
Portia Formation, which is observed at the Portia and Kalkaroo prospects, is equivalent to the Bimba Formation 
(Zang and Conor, 2006). 
The Saltbush Subgroup in the lower part of the Strathearn Group, consists of the graphitic Plumbago 
Formation, psammopelitic and psammitic metasedimentary rocks, Mn-bearing iron formation, garnet-quartz 
rock, and minor tourmalinite.  The depositional age of the Plumbago Formation (1693 ± 3 Ma), which is a thin 
(< 30 m) graphitic laminated metasiltstone horizon extensive over 120 km (Conor, 2000a; Page et al., 2005a; 
Fig. 2) is similar to that of a metasiltstone (1693 ± 4 Ma) that overlies the Ettlewood Calc-Silicate Member.   
Such a similarity supports earlier interpretations that the Bimba Formation is equivalent to the Ettlewood Calc-
Silicate Member (Page et al., 2005a, b).  The Plumbago Formation is overlain by pelites and psammopelites in 
different places of the OD.  Felsic and mafic rocks occur locally, which contrasts in this respect with the 
presence of a pelitic to psammitic sequence with mafic and felsic gneisses that includes the Parnell Formation, 
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Freyers Metasediments, and the Hores Gneiss on top of the Ettlewood Calc-Silicate Member (1685 ± 3 Ma; 
Conor, 2003; Page et al., 2005a) which is host to the Broken Hill deposit and smaller BHT deposits. 
The Saltbush Subgroup (OD) was considered by Page et al. (2005a) to be stratigraphically equivalent 
to the Broken Hill and Sundown Groups in the BHD.  This interpretation was based on the presence of minor 
base metal mineralization and Mn enrichments in the lower portions of the Saltbush Subgroup (Lottermoser and 
Ashley, 1996).  The Sundown Group, which contains minor pyrite and low-grade, disseminated Zn 
mineralization, is composed of andalusite-bearing carbonaceous pelite interlayered with siltier psammopelite 
(Leyh and Conor, 2000).  The upper part of the Strathearn Group (OD, Mount Howden Subgroup; 1651 ± 7 
Ma), composed of interlayered, locally tuffaceous, albitic psammites and pelites with siliceous concretions, was 
correlated with the Paragon Group (BHD, 1655-1657 ± 4 Ma) by Page et al. (2005a).  The Paragon Group 
consists of well-laminated strongly pyritic, carbonaceous metasiltstone and minor black shale and thin horizons 
of calc-silicate rocks.  The Sundown, Paragon, and Strathearn Groups reflect a change from shallow, relatively 
oxidized conditions (Bimba Formation) to deeper water and reduced conditions (Cook and Ashley, 1992). 
The Hunters Dam and Polygonum Zn-Pb prospects are located along a regional structural feature 
referred to as the Mulyungarie Antiform (e.g., Yates and Randell, 1994; Leyh and Conor, 2000; Dugmore, 
2001; Fig. 2).  The Benagerie Ridge Magnetic Complex, with which the Benagarie prospect is spatially 
associated, is located 40 km northwest of the Hunters Dam prospect in a Paleozoic structural high and folded 
structure feature referred to as the Benagerie Ridge Antiform (Jack, 1930; Callen, 1976).  The metamorphic 
grade increases for the four prospects studied here from west to east from lower greenschist facies (~ 400-450 
°C and 2 kb; Teale and Fanning, 2000) at the Benagerie prospect, to greenschist facies at Hunters Dam, to upper 
greenschist-lower amphibolite facies in the Polygonum area.  At Thunderdome, metamorphic conditions 
reached upper amphibolite facies. 
 
3. Methodology 
Logging of drill holes for Hunters Dam (3), Polygonum (5), Benagerie Ridge (6) and Thunderdome 
was performed at core facilities in Adelaide, Broken Hill, and Mulyungarie.  Samples from Hunters Dam, 
Polygonum, and Benagerie were made into polished thin sections, some of which were treated with sodium 
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cobaltinitrite (yellow stain) to determine the presence of K-feldspar.  Petrographic analysis was performed with 
an Olympus BX-60 dual reflected-transmitted light microscope at Iowa State University.  Electron microprobe 
analyses of silicates, oxides, and carbonates were performed at the University of Minnesota using a JEOL 8900 
Electron Probe Microanalyzer at an accelerating voltage of 15 kV and a beam current of 20 nA, and using a 
range of mineral standards including pyrope (Si, Al, Mg), hornblende (Ti), ilmenite (Fe), spessartine (Mn), and 
apatite (Ca).  Petrographic, chemical, and mineralogical data from these cores were used to create a 
lithostratigraphic profile for each drill hole.  These data were subsequently used to establish a general 
lithostratigraphic profile for each area that allowed for a regional stratigraphic correlation to be made.   
Whole-rock chemical analyses of 105 individual samples were performed at the ACME Analytical Lab 
(Canada).  Total abundances of the major oxides and several minor elements, rare-earth (REE) and refractory 
elements were determined by ICP-emission spectrometry following a lithium metaborate/tetraborate fusion and 
dilute nitric acid digestion.  Loss on ignition (LOI) was obtained by weigh difference after ignition at 1000°C.  
Total C and S analysis was derived by Leco analysis.  Precious and base metals were analyzed by ICP-mass 
spectrometry from a separate 0.5 g split digested in aqua regia.   
Fifteen samples of calcite from carbonate rocks in unit 2 were analyzed for carbon and oxygen isotope 
compositions following a modified CO2 extraction method of McCrea (1950).  Up to 2.7 mg of sample was 
reacted with H3PO4 at 50 °C in He-flushed vials, and the released CO2 was analyzed in a ThermoFinnigan Delta 
Plus XL mass spectrometer via a GasBench II system, using a CombiPAL autosampler.  These instruments are 
housed in the Department of Geological and Atmospheric Sciences at Iowa State University.  Reproducibility of 
the samples was better than ±0.1 per mil on the basis of two laboratory standards.  Results are expressed in δ 
(‰) notation relative to PDB for carbon and oxygen isotopes.   
Interelement correlations for whole rock compositions were obtained by matrix correlation utilizing the 
software S-PLUS and are given in appendix 2.  Assay data derived from core splits from the Benagerie Ridge 
prospect were provided by Havilah Resources and those for Polygonum and Thunderdome prospects were made 
available by PlatSearch and Eaglehawk Pty. Ltd.  
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4. Stratigraphy, petrography, mineralization, and geochemistry 
Logging and petrographic analysis of drill holes from the Polygonum (IN2B, IN3, IN7), Hunters Dam 
(HDDO1, HDDO2, HDDO3), Benagerie Ridge (BEN1077, BEN604, BDOO2, BDOO1, BH2, BH3), and 
Thunderdome (PO2, PO5) prospects show the presence of four main lithostratigraphic units.  Lithostratigraphic 
profiles for the Polygonum (IN2B), Hunters Dam (HD003), and Benagerie Ridge (BEN1007) prospects are 
shown along with depth chemical profiles based on whole rock data (Figs. 4-6).  Representative mineral 
compositions and whole rock chemical analyses are given in Table 1 and Appendix 1 (Tables 2 to 4), 
respectively. 
 
4.1. Unit 1: Curnamoma Group/Thackaringa Group 
Unit 1, which occurs at the base of the stratigraphic sequence at each prospect, is defined by red, 
oxidized, magnetic, locally pyritic metapsammopelites, scapolitic albitites, minor calcsilicate rocks, and the 
presence of Cu-Au-Mo (Zn) mineralization (Figs. 4-6, and 7a, b).  Calcite-fluorite and quartz-hematite veins 
and brecciation also characterize this unit.  Cross beds in the metasedimentary rocks indicates deposition in a 
relatively high energy environment.  The metapsammopelitic layers are composed of quartz, Na-rich 
plagioclase, K feldspar, biotite, muscovite, magnetite, and Mn-rich garnet (sps53-71), accessory gahnite (gah85-89) 
and tourmaline, and Fe, Zn, and Cu sulfides, with garnets being most abundant near the stratigraphic top of the 
unit (Table 1, Fig. 8).  The albitites are finely laminated to massive and composed of very fine-grained quartz, 
albite, scapolite, magnetite, and accessory pyrite, calcite, and chlorite.  Scapolite was replaced by fine-grained 
micaceous minerals and some rocks at Benagerie are entirely composed of pseudomorphed scapolite (Fig. 7b).  
At Polygonum, disseminated, stratabound chalcocite, bornite, native Cu, and chalcopyrite, and in some cases, 
sphalerite and galena occur in metapsammopelite.  At the Benagerie Ridge, chalcopyrite and pyrite formed in 
albitized metasediments, carbonates and carbonate-rich metasediments, albite nodules, crosscutting veins, and 
breccias.  Unit 1 is enriched in Cu, Au, Ba, Mn, Mo, Co and Ni and depleted in Pb, Ag, Zn, and As relative to 
the other units (Fig. 9 and Heimann, 2006, Tables 2-4).  Ba, Zn, Mn, and As concentrate around the contact 
between units 1 and 2 (Fig. 10).  The albitization event was dated by Teale and Fanning (2000) at ~ 1630 Ma 
and was post-dated by replacement-type Cu-Au mineralization at the North Portia prospect in the Benagerie 
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Ridge, which was dated at ~ 1605 Ma (Teale and Fanning, 2000; Teale, 2000, 2003).  Unit 1 is equated with the 
Wiperaminga Subgroup (1712-1715 Ma, Page et al., 2000) in the lower part of the Curnamona Group (OD) and 
the Himalaya Formation of the Thackaringa Group (BHD).   
 
4.2. Unit 2: Bimba Formation/Ettlewood Calcsilicate Member 
Unit 2 consists of sulfidic (pyrite and pyrrhotite mainly) carbonaceous pelites and light grey pelitic and 
psammopelitic phyllites that contain white sulfide-bearing carbonate nodules (2 cm x 1 cm), calcareous shales 
and siltstones, carbonates, banded to laminated green to grey colored calc-silicate rocks, minor white marbles, 
calcareous albitites, and carbonate and feldspar-bearing carbonate lenses and layers (Figs. 7c, d).  At Benagerie 
Ridge, unit 2 is approximately 200 m thick.  The carbonates and feldspar-bearing carbonates are minor at 
Hunters Dam and abundant at the Benagerie Ridge where albitites are also common.  The metapelites are 
composed of very fine-grained Mn-bearing annite, quartz, K-feldspar, albite, Fe-bearing dolomite, and chlorite.  
At Thunderdome, calcsilicate rocks are composed of hornblende, plagioclase, and sulfides, or diopside, 
vesuvianite, plagioclase, and sulfides.  At the Polygonum prospect, marble laminations are composed of calcite 
(up to 1 wt. % MnO) and minor quartz and K-feldspar, and the calcsilicate rocks consist of calcite (up to 2 wt. 
% MnO), tremolite (~5.8 wt. % MnO), quartz, epidote (~9 wt. % MnO), and accessory garnet 
(sps13alm1grs+adr86), tourmaline, titanite, and fluorapatite.  At the Benagerie Ridge, layers of grey carbonaceous 
shales alternate locally with very fine-grained albitites that contain disseminated brown dolomitic/ankeritic 
carbonate (Fig. 7e).   
Pyrite nodules and framboids (< 1 mm) are characteristically present in carbonaceous shales along with 
pseudomorphs of gypsum, dolomite, and scapolite.  Carbonate nodules, while most abundant at the Benagerie 
Ridge, are present in the three other prospects where they occur as layers and lenses up to 2 cm thick parallel to 
laminations in enclosing biotite phyllites and carbonaceous shales (Figs. 7f, g).  A bleached halo commonly 
surrounds nodules in metapelites. 
Sulfide mineralization consists of very fine-grained laminated sphalerite and euhedral pyrite in 
carbonaceous pelites and biotite-rich pelites.  The sulfides are slightly coarser in carbonate and feldspar 
laminations, layers, and lenses (Figs. 7c, d, h, i).  In addition, medium- to coarse-grained pyrrhotite, pyrite, 
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sphalerite, and galena are present in calsilicate rocks at Polygonum, Hunters Dam and the Benagerie Ridge 
(Figs. 7h, j). 
 Sulfide-bearing horizons at the Benagerie Ridge, Polygonum, and Hunters Dam prospects contain up 
to 2 wt. % MnO.  Manganese occurs in siderite (up to 9 wt. % MnO), dolomite (up to 4 wt. % MnO), garnet (29 
wt. % MnO), biotite (0.7 wt. % MnO), chlorite (3.5 wt. % MnO), amphibole (6 wt. % MnO), and epidote (0.8 
wt. % MnO).  Although Zn is mostly tied up in the structure of sphalerite, it also occurs in trace amounts in 
biotite (0.1 wt. % ZnO), and chlorite (0.2 wt. % ZnO).  Mn (2.5 %), Pb (1200 ppm), Zn (0.5 %), As (2500 
ppm), Ag, Au, and Cu (300 ppm) are very high compared to those in unit 3 (Figs. 11, 12; Table 4).  Total rock 
Zn correlates with Cd, Hg, and Sb contents.  Mn contents in garnet and biotite increase with depth in all 
prospects (Fig. 8d).  Fe, Cu, Ba, Mn, Ag, Mo, and Au (± Co, Pb) are highest near the contact between unit 2 and 
unit 1 and, to lesser extent along the contact between unit 2 and unit 3.   
The environment of deposition of the Bimba Formation and calc-silicates is a transitional redox 
boundary between oxidized shallow water sabkha or lacustrine setting and a reduced deeper water environment 
(Cook and Ashley, 1992).  The sulfide-rich pelitic/calc-silicate/carbonate package at Polygonum and Hunters 
Dam is herein equated with the carbonate, calcsilicate, and pelitic Bimba Formation of the lower Strathearn 
Group, and the Ettlewood Calc-Silicate Member of the Broken Hill Group (BHD).  Based on an U-Pb age 
determination of 1702 ± 6 Ma by Teale and Fanning (2000) in the middle portion of the sequence at the 
Benagerie Ridge, Teale (2000) considered the sequence to be equivalent to the Thackaringa Group of the BHD.  
However, although age determinations are still required for the precise correlation of the pelitic-calcsilicate 
package at the Benagerie Ridge with the sequences at Polygonum and Hunters Dam, we consider, based on 
lithological similarities, the possibility that the packages are equivalent, which is consistent with the conclusions 
of Conor (2006).  Unit 2 is very thin at the Thunderdome prospect (15 m thick) indicating rapid facies changes 
between the Polygonum and Thunderdome areas.  
 
4.3. Unit 3: Plumbago Formation-lower Strathearn Group 
Unit 3 is devoid of sulfides and is characterized by finely laminated black, carbonaceous/graphitic 
pelites or andalusite/chiastolite pelites, graphite mica schists, and black shales interlaminated with lighter grey 
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shales in the lower portion of the unit (Figs. 5m, n).  At the Benagerie Ridge the unit is thicker (at least ~70 m) 
compared to that at Thunderdome where it is ~ 20 m thick.  Slump structures are present in black shales 
interlaminated with gray shale and siltstone.  Black shale is composed of biotite, quartz, plagioclase, dusty 
opaques (carbonaceous matter), graphite, and laminations of pyrite, pyrrhotite with chalcopyrite inclusions, 
chalcopyrite, covellite, and traces of coarse arsenopyrite.  Black shales and shales at this location contain small 
(< 1mm-0.7 cm) white nodules composed of Na-rich plagioclase, aggregates of calcite, biotite, pyrite, 
tourmaline, and rare epidote.  Relative to unit 2, unit 3 is characterized, in general, by a marked depletion in 
base metals and Mn, and at Benagerie Ridge a depletion also in P, Na, and Ca (Figs. 11 and 12).  All of these 
elements, along with Fe and Mg, increase with depth.  At the Benagerie Ridge, the proportion of white nodules 
also increases with depth.  They along with bedded carbonates and pyrite nodules characterize unit 2.  This 
carbonaceous/graphitic unit is equated here with the Plumbago Formation at the base of the Strathearn Group 
(OD).  It is also equivalent to the base of the previously named “Pelite Suite” of Clarke et al. (1986).   
 
4.4. Unit 4: Lower Saltbush Subgroup/Upper Broken Hill Group 
Unit 4 is present at the Thunderdome and Polygonum prospects but is absent at the Benagerie Ridge 
and Hunters Dam prospects.  It consists of metapsammopelitic phyllites and minor laminated 
andalusite/chiastolite phyllites that contain gahnite (gah57-68spl5-8hc24-37 at Polygonum, gah47-64hc33-50spl2-4 at 
Thunderdome; Fig. 7), Fe-Mn garnet-quartz layers, banded iron formation (BIF), amphibolite, and layers of 
stratabound pyritic Pb-Zn and Zn-Pb mineralization.  At Polygonum, there is a vertical zonation from Zn > Pb 
to Pb > Zn from base to top, whereas at Thunderdome the opposite trend is observed (Figs. 4, 9-11).  
Differences between the Polygonum and Thunderdome areas also include the occurrence of granitoid and 
pegmatite intrusives in the upper portion of unit 4 at Thunderdome that are not present at Polygonum, and the 
presence of BIF that is absent in the Polygonum area.  BIF is composed of magnetite, quartz, garnet, and 
apatite, lesser amounts of grunerite, fayalite, and biotite, and minor to trace quantities of pyrrhotite, sphalerite, 
chalcopyrite, galena, pyrite, actinolite, gahnite, and molybdenite.  At Thunderdome, metapsammite with 
abundant fine-grained garnet grades into layers of quartz garnetite that are up to 20 cm thick (Leyh, 1997; Fig. 
7o).  Garnetite is mineralogically and texturally identical to that commonly seen in close proximity to the ore 
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lenses at the Broken Hill deposit and is exclusive to drill hole P5.  Garnet-rich rocks are laminated, composed of 
zoned garnet with dark cores, quartz, and accessory dark reddish brown biotite and ilmenite.  At Polygonum, 
garnet (sps11-49alm40-80 adr+grs1-13) occurs in laminations (< 1 mm thick) with quartz and accessory biotite and 
muscovite, and as 2 cm thick bands composed of a garnet-rich core and a biotite-garnet rim within an andalusite 
or chiastolite phyllite (Figs. 7p, q).  Poikilitic gahnite coexists with garnet, quartz, biotite, muscovite, sphalerite, 
and accessory tourmaline and is present throughout unit 4, except the lower carbonaceous part (Fig. 7r).  Schists 
are composed of quartz, feldspar, muscovite, biotite, andalusite (Polygonum), sillimanite (Thunderdome), 
garnet, tourmaline, pyrrhotite, magnetite, sphalerite, and ilmenite.   
Base metal mineralization consists of bedding-parallel fine-grained pyrite, sphalerite and galena in 
psammopelite and pelite, and disseminated coarse-grained (up to 4 mm) blebs of galena.  Stratabound 
chalcopyrite, pyrrhotite, and minor galena, pyrrhotite blebs, and pyrite nodules are also present.  Medium-
grained remobilized and metamorphogenic sphalerite and pyrite occur in psammopelitic phyllite spatially 
associated with calcite and chlorite.  The sulfides also occur in the pressure shadows of gahnite with sericite.  
Zn-Pb mineralization is enriched in Mn (up to 9.6 wt. % in core assays at Thunderdome with elevated Mn 
values in garnet (up to 29 wt. % MnO at Thunderdome), ilmenite (up to 9 wt. % MnO at Polygonum), 
pyrophanite (up to 30 wt. MnO % at Thunderdome), F (3.6 wt. % F in F-apatite), (Table 1).  The Mn content of 
garnet from garnet-quartz layers from this unit at Thunderdome increases with depth from 6 to 29 wt. % MnO, 
which are among the highest Mn contents analyzed in the SCP (sps70; Fig. 8d, Table 1).  At the Polygonum 
prospect, the highest Mn contents occur in garnet-rich rocks directly below amphibolite (Figs. 9, 10).  Depletion 
in Ni is observed where Pb and/or Zn contents are the highest (Fig. 11).  Unit 4 is likely to be stratigraphically 
equivalent to the upper Broken Hill Group (BHD), which hosts the Broken Hill deposit, and the lower Saltbush 
Subgroup (OD). 
 
4.5. Rare earth element geochemistry 
 Chondrite-normalized rare earth element (REE) patterns of all rock samples analyzed from the 
Polygonum, Hunters Dam, Benagerie Ridge, and Thunderdome prospects show light REE (LREE) enriched, 
heavy REE (HREE) depleted patterns, and negative Eu anomalies (Fig. 13).  These patterns are similar to those 
 206
of metalliferous hydrothermal sediments from modern oceans (e.g., Cronan and Hodkinson, 1997; Dekov and 
Savelli, 2004). 
 
4.6. Elemental affinities and signatures of Zn-Pb and Cu-Au mineralization 
Interelement correlations (R2 > 0.5) for metals derived from compositions of individual samples from 
the Polygonum and Hunters Dam prospects, drill hole BEN1077 from the Benagerie Ridge, and assay data from 
Thunderdome are shown in Table 5 and complete array of correlations are presented in appendix 2. 
Pb and Zn mineralization in units 2 and 4 at Polygonum is defined by the following associations: 1) 
Pb, MnO, Y, Cu, Sb, Ag, Au, Bi, and Se; and 2) Zn, Cd, Hg, S, Ag, Cs, Mo, Tl, and Fe.  For Cu-Au 
mineralization, Cu correlates with Au, Bi, Se, Sb, Ag, Pb, Y, and Co.  Mineralization in unit 2 at the Benagerie 
Ridge is characterized by positive correlations among Zn, Cd, Hg, and Sb; and between Pb and Ag.  Cu 
correlates with Co, Bi, and Se.  Zn and Pb mineralization in unit 2 at Hunters Dam is defined by the following 
metal associations: 1) Zn, Pb, Cd, Hg, Se, Sb, Au, Bi, U, Ag, and Mo; and 2) Pb, Ag, Se, Hg, Au, Bi, Ab, Cd, 
As, Zn, U, Co, and Ni.  Cu does not show significant correlations with any elements.  At Thunderdome, Zn 
mineralization in units 2 and 4 is correlates with Zn and Cd contents and positive correlations occur among Ag, 
Cu, Ni, Mn, P, and Bi.  Cu also correlates with Ag, Ni, Mn, S, and P.  
These results indicate that Zn is associated with Cd in all sites and with Hg at Polygonum, Hunters 
Dam, and Benagerie.  Additional metal associations exist in each site.  Zn correlates with Tl at Polygonum, of 
Zn with Se at Hunters Dam, and of Pb with Se at both sites.  The highest contents of these elements are 26 ppm 
for Cd in unit 2, 4.1 ppm for Tl in unit 4, and 7.4 ppm for Se in unit 4.  The metal correlations at Thunderdome 
are derived from assay data from drill hole PO2.  In this drill hole, the metasedimentary sequence is intruded by 
granitoids and pegmatites.  Such intrusions are absent at other holes and thus the metal correlations obtained 
from this hole are not as good as those obtained from individual rock samples.  Copper mineralization at 
Polygonum and Benagerie Ridge is commonly associated with Co, Bi, Se, and Au. 
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5. C and O isotopic composition of calcite, Bimba Formation 
Carbon and oxygen isotope values of 14 calcite samples from carbonate and calc-silicate nodules and 
layers from the Bimba Formation (unit 2) at the Polygonum, Hunters Dam, and Benagerie Ridge range from -
10.2 to -0.8 ‰ for δ13CPDB and from -19.2 to -16.8 ‰ for δ18OPDB.  The ranges of isotope compositions for each 
site are δ13C = -10.2 to -0.6 ‰ and δ18O = -17.9 to -16.8 ‰ (N = 8) for the Polygonum prospect, δ13C = -6.9 to -
4.5 ‰ and δ18O -17.8 to -17.4 (N = 3) for Hunters Dam, and δ13C = -4.1 to -2.3 ‰ and δ18O = -19.2 to -19.1 ‰ 
for the Benagerie Ridge (N = 3) (Fig. 14; Table 6).  A single sample of calcite from a calcite-galena vein from 
unit 4 at the Polygonum prospect yielded isotope values of δ13CPDB = -0.6 ‰ and δ18OPDB = -18 ‰.  Most 
isotope compositions obtained here overlap with the Proterozoic unmetamorphosed carbonate field of Veizer 
and Hoefs (1976) and with the range of carbonate compositions (δ13CPDB = -5.6 to – 0.8 ‰ and δ18OPDB = -18.1 
to -13.0 ‰) reported previously by Bierlein et al. (1996) for carbonates and calcsilicates from epigenetic veins 
in the Olary Domain.  
Schuler et al. (1993) obtained values of δ13CPDB = -24.5 to -21 ‰ and δ18OPDB = -20.3 to -19.3 ‰ for 
calcite from the Broken Hill deposit.  For comparison, Schuler et al. (1993) also reported C and O isotopic 
compositions of δ13CPDB = -3 ‰ and δ18O = -17.4 ‰ for pyritic limestone from the Bimba Formation at the 
Kalkaroo prospect. 
 
6. Discussion 
6.1. Styles of mineralization 
Sulfide mineralization in the Olary Domain has been described by various workers including Cook and 
Ashley (1992), Bierlein et al. (1996), Plimer (1996), and Leyh and Conor (2000).  Bierlein et al. (1996) 
proposed that mineralization was of three main types: 1. Stratiform, sediment-hosted Fe sulfide-dominated 
deposits that contain subordinate amounts of Cu, Pb, and Zn (±Ba); 2. Stratabound, sediment-hosted Fe-Cu-Zn 
(±Co-W) deposits) that may or may not be syngenetic; and 3. Epigenetic vein-, fracture- or shear-hosted Fe-Cu-
Au and Cu-Zn-Pb deposits.  The first two types of mineralization, which occur in the Curnamona and Strathearn 
Groups, were considered by Cook and Ashley (1992) and Bierlein et al. (1996) to be sedimentary (Fe-Cu-Co-
Zn-W) and exhalative (Fe-Cu-Zn-Pb+Ba) types.  Plimer (1996) referred to: 1. Stratiform baritic Fe±Cu±Au 
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mineralization associated with felsic volcanic rocks and with evaporitic facies; 2. Stratiform Fe-Cu-Zn 
mineralization in the Bimba Formation; 3. Disseminated and stratabound sediment-hosted Fe, Cu, Zn, Co, W, 
and F mineralization in quartzofeldspathic and calcsilicate rocks in association with redox fronts and meta-
evaporites; and 4. Fe-Cu-Zn, Fe-Ag-Au, Fe-Zn mineralization that formed in iron formations, calcsilicate rocks, 
albitites, breccias, retrograde-shears and fractures that have been syn-tectonically remobilized during the 
Delamarian Orogney  
In discussing sulfide mineralization at Hunters Dam, Polygonum, Thunderdome, and Traverse 
prospects, Leyh and Conor (2000) described it within the context of recognized formal stratigraphic units for 
the Willyama Supergroup.  They essentially recognized four types of mineralization: 1. Stratiform-stratabound 
Cu-Au ± Ag-Mo-Co-(Zn-Pb) mineralization that is massive, disseminated or locally remobilized into veins.  It 
is characteristically associated with hematite and feldspar (sodic and potassic) locally within alteration breccias 
and epigenetic stockworks.  Oxide facies iron formation ± barite, calcalbitite and minor calc-silicate and 
metasedimentary rocks host sulfides within the lower Willyama Supergroup/Thackaringa Group.  2. 
Polymetallic, stratiform to stratabound, massive, remobilized Zn-Cu±Ag-Pb-Co-Au-W mineralization that 
contains a high pyrite and pyrrhotite content.  The host rocks are calcsilicate rock, marble, pyritic/carbonaceous 
metasediments, and iron formation of the Broken Hill Group and Bimba Formation-Ettlewood Calc-silicate 
Member.  3. Stratiform to stratabound, massive Pb-Ag-Zn mineralization with a low pyrite and pyrrhotite 
content that occurs in metasedimentary rocks in the Broken Hill Group.  Locally, sulfide mineralization occurs 
in calcsilicate rocks, garnet-rich rocks, and Mn-rich BIF.  4. Disseminated and stratabound Pb-Ag-Zn 
mineralization in carbonaceous metapelites associated with minor calc-silicate concretions.  An example of this 
mineralization is found at the Travers prospect in the Paragon Group. 
Five main types of mineralization are described here, most of which coincide with those recognized by 
Leyh and Conor (2000).  These styles of mineralization and the four stratigraphic units are correlated among the 
four sites.  These units are essentially the same major stratigraphic units given by Leyh and Conor (2000) but 
we have included an additional subunit (unit 3) to the Broken Hill Group which was not distinguished by Leyh 
and Conor (2000).  Teale (2000) subdivided the stratigraphic sequence at the Benagerie Ridge into seven units.  
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Type 1 sulfide mineralization consists of stratabound and veined Cu-Au mineralization hosted by 
magnetite-bearing psammopelitic rocks in unit 1.  This is the same as the Cu-Au ± Ag-Mo-Co-(Zn-Pb) 
mineralization recognized by Leyh and Conor (2000).  Type 2 sulfide mineralization is characterized by 
stratiform to stratabound, very fine-grained to medium-grained Fe-rich sulfides in which Zn > Pb is hosted by 
carbonaceous and non-carbonaceous phyllites/schists, whereas type 3 mineralization is also characterized by Zn 
> Pb but is hosted by calcsilicate rocks, carbonates, marbles, and carbonate-feldspar rocks.  Both types are 
found in unit 2 and can grade into one another.  Type 4 mineralization consists of layers of fine- to medium-
grained stratabound Zn > Pb and Pb > Zn mineralization hosted by psammopelitic and pelitic rocks.  Sulfides 
specifically occur in Mn-rich garnet-quartz rocks, gahnite-bearing psammopelites and phyllites, BIF, and 
amphibolite.  Type 5 is characterized by abundant cross-cutting masses and veins of coarse-grained, pyrite, 
pyrrhotite, galena, and sphalerite, primarily within units 2 and 4.  These late-stage veins also contain fluorite, 
calcite, quartz, and chlorite.  This type of mineralization may be remobilized types 2, 3, and 4 mineralization 
that formed during the retrograde period of metamorphism, possibly during the Delamarian Orogeny.   
The so-called iron oxide, copper-gold (IOCG) mineralization was described by several workers (e.g., 
Newbery and Skidmore, 1998; Skirrow and Ashley, 1998; Teale, 2000, 2003; Skirrow et al., 2000; Barratt, 
2003; Rutherford et al., 2003; Skirrow, 2003) and will not be discussed further.  The remainder of the 
discussion focuses on the stratabound and stratiform Zn-Pb mineralization (types 2 to 4) and their environment 
of deposition. 
 
6.2. Genesis of Zn mineralization in the carbonate-pelitic Bimba Formation (unit 2) 
The Bimba Formation hosts types 2 and 3 stratabound sulfide mineralization within pelitic schists, 
some of which are carbonaceous, and carbonate-rich rocks, respectively.  Except for sulfide mineralization in 
carbonate-feldspar rocks, Cook and Ashley (1992) and Bierlein et al. (1996) proposed that the mineralization 
formed as syn-sedimentary hydrothermal exhalations on the basin floor.  Based on the presence of gypsum 
pseudomorphs in iron formation and as epidote pseudomorphs in calcsilicate rocks, hypersaline fluid inclusions 
in calcite, quartz, and clinopyroxene in quartzofeldspathic and calcilicate rocks, and light B isotope signatures 
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in rocks from the Bimba Formation (Slack et al., 1989), Cook and Ashley (1992) proposed that non-marine 
evaporites constituted part of the Bimba Formation.   
The highest amount of Zn in unit 2 occurs in Mn-bearing, Fe-Mg-Ca carbonate-feldspar and 
calcsilicate rocks.  Carbonate and calcsilicate (carbonate-feldspar) nodules and layers containing carbonate, 
plagioclase aggregates, pyrite, tourmaline, fluorite, and micas, are surrounded by or contain minor amounts of 
carbonaceous matter, and are devoid of sulfides (e.g., BEN604) or contain variable amounts of sphalerite (e.g., 
BEN1077, IN2B, IN7, HDDO3) (Figs. 7d, g, k, l).  Gypsum, dolomite, and scapolite pseudomorphs, along with 
the carbonate-feldspar nodules and layers, are most abundant and best preserved at the Benagerie Ridge.  It 
should be noted that similar graphite-bearing, calcsilicate ellipsoids were identified by one of us (W.L.) from 
below the 36 level at the old North Mine at Broken Hill.  Although they may be metamorphosed limey 
concretions of diagenetic origin, it is more likely that the calcsilicate ellipsoids, which occur in layers in garnet-
rich zones or within amphibolite, have a biogenic origin because of their isotopically low δ13C values 
(Hamilton, 1965).  They are also genetically related to ore-forming processes because they grade into quartz 
garnetite and contain pyrrhotite, and minor amounts of sphalerite and galena.  Sulfide-bearing ellipsoids were 
considered by Stevens (1993) as potential exploration guides to ore. 
The carbonate nodules observed in the OD are similar to those that surround the large HYC deposit, 
Queensland, which are composed of aggregates of carbonate, and which locally have amalgamated to form 
continuous laminae and macroscopic nodules (1-4 mm long).  In places, they were replaced by sphalerite ± 
galena and pyrite (e.g., Ireland et al., 2004).  The origin of these nodules has been interpreted in various ways 
and include being diagenetic features associated with low-grade mineralization that were pseudomorphed 
primary evaporites (Croxford and Jephcott, 1972) and products of hydrothermal activity in a deep-water 
environment (e.g., Eldridge et al., 1993; Large et al., 1998).   
The style of sulfide mineralization and host sequence, including Mn-bearing Fe carbonates and 
mineralized nodular carbonates, as well as its location in the transition between lower oxidized and upper 
reduced sedimentary packages is similar to that spatially related to the HYC deposit (e.g., Large et al., 1998).  
Mineralization in carbonate-feldspar layers in the OD has not previously been described, but deformed feldspar-
sulfide laminations within laminated psammopelites from the Bimba Formation at the Polygonum prospect 
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were subjected to syn-tectonic sodic alteration (Hills, 1999).  However, the laminations were deformed by, and 
therefore predate at least part of, the Olarian deformation events.  The Na and K feldspar in the layers may 
represent former evaporitic layers, or alternatively, the Na and K may correspond to an alteration overprint.  
The presence of small feldspar nodules in laminated, fine-grained pyrite-bearing carbonaceous shales in unit 3, 
in addition to being present as larger nodules in unit 3, points to a synsedimentary/diagenetic origin for the 
nodules.  The way the laminations in shale wrap around the edge of the nodules suggests they resisted 
deformation during compaction of the sediments (Figs. 7f, g).  The nodules and layers in the northern part of the 
SCP are considered to be calcsilicate/carbonate concretions that formed as the sedimentation rate diminished.  
As suggested previously by Cook and Ashley (1992), Bierlein et al. (1996), and Teale (2000), they likely 
formed in a shallow, non-marine evaporitic setting.  
Further support for a shallow non-marine environment is provided by the existence of finely laminated 
wavy structures in carbonates from the Benagerie Ridge that Teale (2000) interpreted to be the remains of 
stromatolites.  The combination of the presence of carbonates, evaporites, stromatolitic structures, and 
carbonaceous and graphitic shales, the very fine grained laminated sediment-sulfide (sphalerite-pyrite) textures, 
coupled with the enrichment in Mn, B, and metals in unit 2, as manifested by the minerals pyrite (very fine 
grained euhedral and framboid), sphalerite, tourmaline, and fluorite (among others) suggests hydrothermal and 
biogenic activity in a non-marine (evaporitic) setting.  Such a setting is comparable to the shallow, continental 
rift environment of the Gulf of California, where Mn-Fe oxides, silica, carbonates, stromatolites, and biogenic 
pyrite, are associated with the venting of Mn-, Hg-, and Ba-laden hydrothermal fluids on the seafloor (Canet et 
al., 2005).  Pyrite laminations formed in the zone of sulfate reducing bacteria (e.g., Lash and Blood, 2004).  The 
evaporites in unit 2 include gypsum and probably halite and other Na, K, and Ca salts, which are similar to 
those observed in sediments near the Salton Sea.  The syngenetic Zn-Pb mineralization in the OD formed by 
circulation of hot H2S-, Fe-, Mn-, B-bearing hydrothermal fluids that reacted with cool, oxidized basinal brines, 
partly derived from dehydration/dissolution of evaporites, which were enriched in Cl-, CO32- , Na-, and K-rich.   
Black, organic-rich shales are commonly a sink for redox-sensitive trace elements such as Mn, Fe, Mo, 
V, U, Zn, Pb, Cu, Ni, Cr, Co, etc., (e.g., Algeo and Maynard, 2004).  It is unclear whether the carbonaceous 
shales simply acted as sink sites for metals or during dewatering provided the metals in the coarse remobilized 
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carbonates in unit 2, which are enriched in Pb, Zn, Mn, and Cu.  The most likely scenario is for fluids 
to have emanated in a shallow or subaerial/sublacustrine setting and to have precipitated the metals in black 
shales, evaporites (gypsum and probably halite, sylvite), and carbonate layers on the basin floor as temperature 
(T) dropped or as the hydrothermal fluid oxidized.  Alternately, the hydrothermal fluid reached the evaporite 
and carbonate layers and partly dissolved them.  Ions derived from these layers (Na+, K+, Cl-, F- and CO32-)  
formed complexes with metals and facilitated their deposition as very fine-grained sphalerite, pyrite, and minor 
galena.  The very fine-grained delicate laminations of sphalerite grade into feldspar–carbonate-rich layers that 
contain medium- to coarse-grained sphalerite and which show high Hg contents (up to 5.6 ppm) and maximum 
values of Fe (15 wt. % Fe2O3), Zn (> 1%), Pb (3700 ppm), Ba (3700 ppm), As (4250 ppm), Cd (105 ppm), Bi 
(21 ppm), Au (32 ppb), Ni (200 ppm), Ag (50 ppm), and Sb (6 ppm) (Tables 2-4).  These enrichments are also 
similar to those observed in sediments rich in Mn, Fe, Hg, and Ag in the shallow water setting at the Gulf of 
California.  Based on the gradation from fine-grained to coarse-grained sphalerite and pyrite in carbonates and 
carbonate-feldspar layers and nodules in unit 2, some sulfides are likely syngenetic, whereas others formed as 
replacement of carbonates and evaporites during or after diagenesis.  Due to their high porosity, evaporites from 
the lower part of unit 2 were the preferred sites for the migration of fluids to the more sulfide-rich upper part of 
unit 2.   
Sulfide mineralization in drill hole BEN1077 is overlain by carbonaceous black shales in unit 3 that 
possess low Na contents, whereas non-mineralized black shales in drill hole BEN604 are overlain by black 
shales that show approximately the same Na content but a higher Zn content compared to those in unit 2.  This 
suggests that the carbonaceous black shales at the top of BEN1077 that were deposited after the sulfide-bearing 
sediments served as a seal for the migration of ore-bearing fluids.  Such a seal is not observed in rocks devoid of 
sulfides, and reflects the importance of a highly reduced shale cap in a sequence hosting sulfide mineralization 
in the northern part of the SCP.  Although the elemental enrichments in unit 2 are also present at the Broken 
Hill deposit, it should be noted that the calcsilicates in unit 2 bear closer resemblance to those in the Ettlewood 
Calcsilicate Member rather than the carbonates in the Broken Hill deposit.    
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6.3. Genetic relationship between carbonates, pyritic black shales, and mineralization 
Carbon and oxygen isotope analyses of fifteen samples of calcite from nodules, lenses, and layers of 
carbonate and calc-silicates from the Bimba Formation and lower parts of unit 2 show δ13CPDB values between -
10.2 and -0.8 ‰, and δ18OPDB values between -19.2 and -16.8 ‰ (Fig. 14).  These overlap with the range of 
isotope values (δ13CPDB = -6 and 0 ‰, and δ18OPDB = -18 and -12 ‰) obtained by Bierlein et al. (1996) of 
“(metasedimentary) carbonate and calcsilicate samples from the Olary Block.”  A single sample of carbonate 
from the Bimba Formation at the Mary mine, just east of Meningie Well, was analyzed by Pepper (1996) and 
yielded a value of δ13CPDB = -0.49 ‰ and δ18OPDB = -15.5 ‰.  The oxygen isotope values obtained here and by 
Bierlein et al. (1996)  and Pepper (1996) are slightly less negative than values of δ18OPDB (-20 to -19 ‰; n = 6)  
from carbonate in the Broken Hill and the small Esmeralda BHT deposit that were reported by Schuler (1993).  
The δ13CPDB values (-25 ‰ to -21 ‰) are considerably more negative than δ13CPDB values from carbonates and 
calcsilicate rocks reported elsewhere in the SCP by Schuler et al. (1993), Bierlein et al. (1996), and this study.  
However, they do overlap with the extremely low values of δ13CPDB  of -26 to -17.5 ‰ for graphite in graphitic 
schists in the SCP (including the Broken Hill deposit) that were reported by Hamilton and Muir (1974) and 
Bierlein et al. (1996).  Note also that Schuler et al. (1993) reported values of δ13CPDB of -19 ‰ and -14 ‰ for 
calcite in a wollastonite-vesuvianite-garnet calcsilicate zone and in calcite-magnetite lenses in amphibolite at 
the RW Iron Clad and Little Broken Hill BHT prospects, respectively.  Bierlein et al. (1996) interpreted the 
carbon isotope data in graphitic schists and carbonates as indicating a biogenic origin in a sedimentary 
environment.  Their interpretation was supported by the presence of CO2 and CH4 in fluid inclusions in quartz 
and calcite associated with sulfide mineralization in the OD that were considered by Bierlein et al. (1996) to 
represent the products of decarbonation at deep levels or oxidation of metamorphic graphite.  Bierlein et al. 
(1996) interpreted sulfur isotope data (δ34S = -18.7 to +13.1 ‰) from minor occurrences of stratabound sulfides 
in the OD to be the result of mixing of reduced sedimentary source of sulfur and sulfur derived from the 
hydrothermal leaching of deep-seated volcaniclastic sediments.  This interpretation is consistent with the source 
of organic carbon or methanogenic carbon for the carbonates.  This is in contrast to the interpretation of Pepper 
(1996) who suggested the δ13CPDB value of -0.49 ‰ as being indicative of a marginal marine source with 
influence of fresh water.   
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The oxygen isotopic compositions of all samples from the OD, including those given by Bierlein et al. 
(1996), fall within the field of unmetamorphosed Proterozoic carbonates of Veizer and Hoefs (1976).  It has 
been shown that the effects of increasing T and the addition of meteoric water, and decarbonation reactions are 
to decrease carbonates δ18O and δ13C values, respectively (e.g., Baumgartner and Valley, 2001).  Therefore, the 
low δ18O and δ13C values of carbonates from the OD, in comparison to non to slightly metamorphosed 
carbonates (including those from the HYC deposit, Fig. 14), indicate that diagenetic and metamorphic processes 
have affected the carbonates by decreasing their C and O isotopic compositions (Fig. 14; e.g., Shieh and Taylor, 
1969; Hein et al., 1999; Baumgartner and Valley, 2001).  However, because samples from the Benagerie Ridge, 
which are the least metamorphosed, show the lowest δ18O values, the effect of T is not the only parameter 
dictating the isotopic composition.  Since low δ18O values in carbonates can be the result of an influx of fresh 
water, we speculate that this effect produced the low isotope values for carbonates from the Benagerie Ridge.  
Differences in δ13C values in carbonates from the same location seem to suggest that the low δ13C values reflect 
a biogenic source of carbon.  However, these differences more likely indicate that equilibrium of C isotopes 
from different C sources, which takes place at T > 500-600 °C (Valley, 2001), was not attained during 
metamorphism.  The extremely negative δ13C and δ18O values in the carbonates from Broken Hill indicate that 
decarbonation and granulite facies metamorphic conditions (~ 750-800 °C) greatly affected the isotopic 
composition of carbonates because based on mass balance considerations, the only way to generate such low 
δ13C values is by having a sample with more than 99 % of organic C.  If inorganic C had been present in the 
carbonate as well, metamorphism would have equilibrated inorganic and organic C to higher δ13C values 
compared to those in the organic C.  The presence of more than 90 % organic C in carbonates at Broken Hill is 
highly improbable because there are only traces of graphite preserved in the Broken Hill deposit, either in 
calcsilicate ellipsoids or as flakes or aggregates of graphite.  Therefore, a mixed organic and inorganic, probably 
hydrothermal carbon source is inferred for the carbonates, which is substantiated by the presence of organic 
matter in the study sites in the SCP.  This explanation is consistent with previous interpretations based on sulfur 
isotope and fluid inclusion studies (Bierlein et al., 1996).  Furthermore, the close spatial association among 
sulfides, carbonates, pyritic and carbonaceous black shales, and graphite indicates that a genetic link exists 
between base metal sulfide mineralization, biogenic activity, and carbonates in the SCP.  The carbon in 
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carbonate in the SCP likely formed by biogenic reduction, in a manner similar to that proposed by Hamilton and 
Muir (1974) for carbonate from the HYC deposit. 
 
6.4. Genesis of Pb-Zn mineralization in Mn-rich rocks, Broken Hill Group (unit 4) 
Unit 4 at the Polygonum and Thunderdome prospects contains sphalerite and galena in Mn-rich, 
gahnite-bearing psammopelitic phyllites, quartz garnetite, garnetite, and BIF that are spatially associated with 
amphibolite.  At Polygonum, the distribution of metals changes from Pb > Zn in the upper part of unit 4 to Zn > 
Pb in the lower part of unit 4.  By contrast, unit 2 is a S-poor unit, and unit 3 contains Zn > Pb.  In a gross sense, 
the metal zonation from unit 4 to 2 resembles that at the Broken Hill deposit, where the Pb-rich orebodies 
stratigraphically overlie the Zn-rich orebodies.  Gahnite in the Thunderdome and Polygonum prospects is 
compositionally identical to those found in the Broken Hill deposit and elsewhere in the BHD (Spry et al., 2003; 
Heimann et al., 2004) and massive sulfide deposits in Fe-rich metamorphosed sedimentary and volcanic rocks 
from worldwide localities (Fig. 8a; Heimann et al., 2005).  The garnet-rich rocks are also mineralogically and 
chemically similar to those from the Broken Hill deposit but contain lower amounts of Mn.  At Thunderdome, 
where quartz garnetite and garnetite are present, there is a thickening of BH-type horizons from the NE to the 
SW suggesting that a more prospective unit might be located in that direction (e.g., Leyh, 1997).   
The presence of carbonaceous and chiastolite-bearing rocks and Mn-rich psammopelites in unit 4 that 
show delicate laminations and minor flaser beds, in contrast to the occurrence of cross beds and magnetite in 
unit 1 and carbonates in unit 2, reflects a change from a shallow oxidized, high energy environment to a deeper, 
reduced, low energy environment from unit 1 to unit 4.  This setting is similar to that described by Cook and 
Ashley (1992) for the OD.  The lithological changes are also consistent with a deepening of the depositional 
environment up the stratigraphic sequence, which culminates with deposition of unit 4 and the presence of 
hydrothermal precipitates.  Laminated Mn-bearing quartz garnetite and garnetite (the latter at Thunderdome 
only) formed as chemical precipitates on or directly below the rift floor from hot hydrothermal fluids in clay-
dominated sediments.  The spatial association among manganiferous garnet-rich rocks, BIF, sulfide 
mineralization, and amphibolite at Polygonum and Thunderdome is consistent with the amphibolite being the 
source of the metals and could be a field indicator for Pb-Zn mineralization. 
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6.5. Chemical indicators to mineralization 
At Polygonum, Thunderdome, and Hunters Dam, the amount of base metals, Mn, and Ba increases, 
and Ca and Mg slightly decrease with depth from the lower part of unit 2 to the upper part of unit 1 where they 
are most abundant.  These trends indicate that metals concentrate near the redox boundary between units 1 and 
2.  At the Benagerie Ridge, Mn, Ca, and P contents increase with depth from unit 3 to unit 2 (Fig. 12).  Because 
at the HYC deposit the highest Mn contents occur in the footwall rocks directly below the deposit, these trends 
in Mn contents should be considered as indicators towards mineralization. 
Zn contents (> 1 %) in units 2 and 4 at the Polygonum prospect correlate with elements such as Fe (R2 
=  0.57, 18 % total Fe), Ag (R2 = 0.68, 3.6 ppm), S (R2 =  0.84, < 10 %), Cs (R2 = 0.68, 70 ppm), Mo (R2 = 0.67, 
19 ppm), and most importantly, it also correlates with Tl (R2 = 0.57, ≤ 4.0 ppm) and Cd (R2 = 0.97, ≤ 26 ppm in 
unit 2), which are elements not abundant in nature (Appendix 2).  In addition, the highest Cd content in assays 
of mineralized rocks from Thunderdome is 125 ppm.  The correlation of Zn with Cd and Tl reflects the 
incorporation of Cd and Tl into the lattice of sphalerite (e.g., Herzig et al., 1998), and because Cd and Tl occur 
in rocks in lower quantities than Zn, they are good indicators of proximity to mineralization.  At Polygonum, Pb 
(> 1 %) is associated with Se (R2 = 0.73, ≤ 7.4 ppm in unit 4) and Sb (R2 = 0.87, 3.5 ppm), in addition to more 
abundant MnO (R2 = 0.58, 3.3 % MnO), Cu (R2 = 0.64, 1327 ppm), Au (R2 = 0.70, 52 ppb), Bi (R2 = 0.61, 17.4 
ppm), and Ag (R2 = 0.76, 3.6 ppm).  The association of Pb and Ag reflects the presence of Ag in galena.  Cd (> 
1200 ppm), Se (46 ppm), and Tl (10 ppm) contents in Broken Hill garnet- and gahnite-rich rocks (Heimann, 
2006) are high, compared to those in rocks from the Polygonum and Thunderdome prospects.  Based on the 
correlations observed here, Tl and Cd, and Se may therefore serve as good indicators of proximity to Zn and Pb 
mineralization, respectively, with the above-mentioned values being considered a minimum for the possible 
presence of Pb-Zn mineralization.  A 200 m long Tl (Tl > 4 ppm), Zn, Mn, Fe dispersion halo is present at the 
HYC deposit (Large et al., 1998; Ireland, 2004) indicating that the exploration guides suggested here may also 
be utilized for other sediment-hosted Zn-Pb mineralized areas.   
 217
It is worth noting that Mn contents in unit 4 are highest near amphibolite, and that Pb and Zn 
mineralization also occurs near amphibolite (Figs. 9-11).  The positive correlation between Mn and Pb contents 
in rocks of unit 4 is the same as that shown by garnet-rich rocks from the Broken Hill deposit (Heimann, 2006).   
A negative correlation occurs between the abundance of Zn and Pb and the amount of Ni, and to a 
lesser extent Co, in units 2 to 4.  In unit 2 at the Polygonum and Thunderdome prospects there is a progressive 
depletion in Ni and Co contents (from 100 ppm to < 20 ppm) where Mn, Pb, and in some cases, Zn contents are 
high (i.e., 0.4 % Zn, 2 % Pb, 3.5 % Mn at Thunderdome; Fig. 9).  The decrease in Ni and Co contents reflects 
the decrease in pyrite content and an increase in the amount of sphalerite and galena.  Pyrite surrounds base 
metal mineralization, similar to that present in other sediment-hosted deposits. 
The concentration of ZnO (≤ 38 wt. %) and MnO (≤ 22.5 wt. %) in gahnite and garnet, respectively, is 
higher in sulfide-bearing than in sulfide-free rocks.  The Zn content of gahnite is described by an index defined 
as ZnIgah= Zn/(Zn+Fe) that ranges between 0.6 and 0.9.  The amount of Mn in garnet is described by two garnet 
indices.  The first index describes the composition of Fe-Mn garnets in garnet-quartz rocks and meta-
psammopelitic rocks of unit 4 and is defined as MnI.1grt = Mn/(Mn+Fe+Mg), whereas the second index 
describes the composition of garnet in calc-silicate rocks of unit 2 and is defined as MnI.2grt = Mn/(Mn+Ca+Fe).  
The highest values obtained were 0.6 and 0.3, respectively.  A carbonate index based on the composition of 
individual carbonates indicative of prospective sulfide mineralized, Mn-bearing sideritic or dolomitic 
carbonates in unit 2 at the Benagerie Ridge is defined as C.I.= (Mn+Fe+Mg)/(Mn+Fe+Mg+Ca).  The values 
obtained range between 0.05 and 0.9.  Similar indices defined for the HYC and Lady Loretta deposits (Large et 
al., 1998) increase towards the deposit.  The highest values for the gahnite, garnet, and carbonate indices 
obtained here can therefore be utilized as vectors indicative of prospective mineralized packages. 
 
7. Conclusions 
The sulfide-rich pelitic/calc-silicate/carbonate, evaporitic unit 2 at the Benagerie Ridge is equated with 
the locally evaporitic carbonate, calsilicate, and pelitic Bimba Formation of the lower Strathearn Group (OD), 
and the Ettlewood Calc-Silicate Member of the Broken Hill Group (BHD).  Very-fine grained Fe-Zn sulfide 
mineralization hosted by carbonaceous pelites, carbonates, and carbonate-feldspar layers and nodules formed in 
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a shallow evaporitic, saline lacustrine environment associated with biogenic activity.  The hydrothermal 
mineralization is synsedimentary and related to Mn-bearing sideritic and dolomitic carbonates.  It is similar in 
style to that present at the HYC deposit, Queensland.  Elevated Mn, B, F, Cl, Ba, Fe, and base metal contents of 
the host carbonates and pelites indicate that the ore-bearing fluids were a mixture of warm hydrothermal fluids 
and cooler, oxidized basinal brines derived from dewatering of the sedimentary pile and dissolution of 
evaporites.   
C and O isotopic compositions of carbonates from unit 2 that fall within the field of unmetamorphosed 
Proterozoic carbonates show that the carbonates have not been extensively modified and reflect original 
inhomogeneities and different C sources.  The lower δ13C values shown by some samples may indicate a higher 
amount of organic C compared to the rest, which show a mixture of biogenic and inorganic C sources.  
However, the effect of incomplete metamorphic equilibration at T < 600 ºC cannot be discounted as an 
alternative explanation for the differences in δ13C values.  δ13C values for carbonates from BH ore are extremely 
low and resulted from volatilization and high temperature metamorphism.  Based on the presence of 
carbonaceous matter and graphite at each location studied here, a genetic link is likely between biogenic C, base 
metal mineralization, and carbonate deposition.   
Barren massive to laminated carbonaceous/graphitic black-shale/shales of unit 3 that directly overlie 
the Bimba Formation correlate with the graphitic Plumbago Formation (Strathearn Group, OD) and constitute a 
regional marker.  Mn-rich, gahnite-bearing pelitic/psammopelitic, Pb-Zn mineralized amphibolite facies 
sedimentary sequences that contain garnet-rich rocks at the Polygonum and Thunderdome prospects are 
stratigraphically, chemically, and mineralogically equivalent to those in the BH deposit.  The rocks and sulfide 
mineralization are the result of precipitation from hydrothermal fluids on the basin floor.  The sulfide-bearing 
sequence represents a deeper-water environment compared to that which hosts stratigraphically lower carbonate 
units. 
A negative correlation between Zn and Pb content and the amount of Ni, and to a lesser extent Co, 
indicates a decrease in pyrite content and an increase in the amount of sphalerite and galena in sulfide horizons.  
Whole rock values of > 4 ppm Tl, > 25 ppm Cd, > 7 ppm Se in units 2 and 4, a Zn/(Zn+Fe) ratio of > 0.6 for 
gahnite, a (Mn+Fe+Mg)/(Mn+Fe+Mg+Ca) ratio > 0.8 for carbonates, a Mn/(Mn+Fe+Mg) ratio > 0.6 for garnet 
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in garnet-quartz rocks, and a Mn/(Mn+Ca+Fe) ratio > 0.3 for garnet in calc-silicate rocks are considered to be 
potential geochemical indicators of stratabound Pb-Zn mineralization in the northern part of the SCP. 
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Captions to figures and tables 
Figure 1.  General geological map showing the location and extent of the southern Curnamona Province (after 
Leyh and Conor, 2000). 
 
Figure 2.  Geological map of the southern Curnamona Province showing the location of the study sites (after 
Clark et al., 2004). 
 
Figure 3.  Stratigraphic correlation (and ages) between the Olary and the Broken Hill domains, Curnamona 
Province, Australia (after Conor, 2000a; Conor and Page, 2003; Page et al., 2005a). 
 
Figure 4.  Lithostratigraphic profile and depth chemical profiles for individual samples from the Polygonum 
prospect, IN2B.  Abbreviation of mineral names as in Kretz (1983). 
 
Figure 5.  Lithostratigraphic profile and depth chemical profiles for individual samples from the Hunters Dam 
prospect, HDDO3.  Abbreviations not specified are as in Figure 4. 
 
Figure 6.  Lithostratigraphic profile and depth chemical profiles for individual samples from the Benagerie 
Ridge Magnetic Complex, BEN1077.  Abbreviations not specified are as in Figure 4. 
 
Figure 7.  Slab photographs and microphotographs. BEN, IN, HD, and Th indicate Benagerie Ridge, 
Polygonum, Hunters Dam, and Thunderdome, respectively. a. Red rock alteration in magnetite-bearing unit 1, 
BDOO1-460.3m. b. Scapolite layers, lower unit 2, BEN604-463.5m. c. Mineralized, banded meta-
calcsilicate/pelite with very fine grained sphalerite in pelite and medium grained sphalerite in calcsilicate, unit 
2, IN2B865.1m. d. Carbonate layers and nodules with very fine grained pyrite laminations in carbonaceous 
pelite, fine grained sphalerite-pyrite in layer/nodule rims, and medium-coarse grained sphalerite-pyrite inside 
the nodules, unit 2, BEN1077-421.60m. e. Banded carbonaceous shale and calcareous albitite (brown) with 
empty gypsum pseudomorphs, unit 2, BEN1077-315.3m. f. Light-colored carbonate nodule with sulfides within 
calcsilicate and dark shale, unit 2, IN7-380.3m. g. Carbonate layers and nodules with pyrrhotite within meta-
carbonaceous shale/silt, unit 2, HDDO3-176.9m. h. Dark metapelite with very fine grained sphalerite 
laminations laminated with greenish calcsilicate that contain fine to medium grained bedded sphalerite and fine 
to coarse grained pyrite, unit 2, IN2B824.1m. i. Black shale/shale/calcareous albitic siltstone, unit 2, BEN1077-
268.3m. j. Banded dark pelite and carbonate nodules and layers with very fine grained pyrite and sphalerite 
laminations and medium grained pyrite; the carbonates show an alteration halo around them, unit 2, 
IN2B865.3m. k. Carbonate-feldspar-pyrite in carbonaceous black shale, unit 2, BEN1077-190.5m. l. K-
feldspar, Mn-siderite-tourmaline nodule in black shale, unit 2, BEN1077-190.5m. m. Laminated carbonaceous 
black shale/shale with chiastolite, unit 3, IN2B726.58m. n. Black shale/shale with very fine grained 
disseminated pyrite framboids and stratiform, coarse grained pyrite, unit 3, BEN1077-180.6m. o. Garnet-rich 
metapsammopelites that grades into quartz garnetite, unit 4, Thunderdome. p. Laminated quartz-garnet and 
quartz-biotite-garnet, unit 4, Polygonum prospect, IN2B414.8m. q. Garnet-rich lens in metapelite, unit 4, 
IN2B593.3m. r. Poikilitic gahnite, garnet, and biotite, unit 4, IN2B393.1m. 
 
Figure 8.  Compositional diagrams for gahnite and garnet from the study sites. a. Gahnite ternary. b. Garnet 
ternary.  c. MnO (wt. %) content in garnet by depth, drill hole PO5, Thunderdome prospect. Sample numbers 
indicate: 29-643.3m, 32- 674.8m, 34-676.2m, 35-681.3m, and 39-690.7m. 
 
Figure 9.  Depth chemical profiles based on core assays for selected elements, Thunderdome prospect, drill hole 
PO2. 
 
Figure 10.  Depth chemical profiles based on core assays for selected elements, Thunderdome prospect, drill 
hole PO5. 
 
Figure 11.  Depth chemical profiles based on core assays for selected elements, Polygonum prospect, drill hole 
IN2B. 
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Figure 12.  Depth chemical profiles based on core assays for selected elements, Benagerie Ridge drill hole 
BEN1077. 
 
Figure 13.  Chondrite-normalized rare earth element patterns of Zn–Pb-bearing metasedimentary rocks from the 
Polygonum, Hunters Dam, and Benagerie Ridge areas, Southern Curnamona Province. 
 
Figure 14. Plot of δ 18O PDB vs. δ 13C PDB compositions of calcite in unit 3 and a vein in unit 1 from  
the Polygonum, Hunters Dam, and Benagerie Ridge prospects.  Plotted for comparison are the compositions of: 
1 Carbonates from Broken Hill ore samples, calc-silicate horizon and calcite-magnetite lens from an 
amphibolite from the Little Broken Hill deposit, and pyritic limestone from the Bimba Formation in the 
Kalkaroo prospect (Schuler et al., 1993); 2 Calcite from carbonates and calc-silicate rocks from pelites and 
psammopelites from the OD (Bierlein et al., 1996); 3 Graphite, OD (Bierlein et al., 1996, only C isotope data); 
4 Marble, Bimba Formation, OD (Pepper, 1996); 5 HYC (McArthur River) Zn-Pb-Ag deposit and halo (Large 
et al., 2001; Ireland et al., 2004); 6 Unmetamorphosed Proterozoic carbonates (Veizer and Hoefs, 1976).  
Dashed line represents the equilibration line between organic- and inorganic-derived C during metamorphism. 
 
Figure 15.  Schematic lithostratigraphic profiles for the Polygonum, Hunters Dam, Benagerie Ridge, and 
Thunderdome prospects showing interpreted correlations. 
 
Table 1.  Representative mineral compositions from the Polygonum, Thunderdome, Hunters Dam, and 
Benagerie Ridge prospects. 
 
Table 2.  Appendix 1. Major element composition of samples from the Polygonum, Hunters Dam, 
Thunderdome, and Benagerie Ridge prospects. 
 
Table 3.  Appendix 1. Trace element composition of samples from the Polygonum, Hunters Dam, 
Thunderdome, and Benagerie Ridge prospects. 
 
Table 4.  Appendix 1. Trace element composition of samples from the Polygonum, Hunters Dam, 
Thunderdome, and Benagerie Ridge prospects. 
 
Table 5.  Interelement correlations1 for the Polygonum, Hunters Dam, Benagerie Ridge, and Thunderdome 
areas. 
 
Table 6. Carbon and oxygen isotopic compositions of calcite from the Polygonum, Hunters Dam, and Benagerie 
Ridge prospects. 
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Figure 7 a-j. 
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Figure 7 k-r. 
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14
. M
n 
ca
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 (H
D
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O
3-
26
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. M
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a 
si
de
rit
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. F
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do
lo
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 (B
EN
10
77
-
27
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. M
n 
si
de
rit
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(B
EN
10
77
-3
15
.3
m
); 
18
. G
ar
ne
t (
B
D
O
O
2-
26
6.
9m
); 
19
. G
ar
ne
t (
Th
39
, P
5-
69
0.
7m
); 
20
. G
ar
ne
t (
Th
29
, P
5-
64
3.
3m
); 
21
. C
hl
or
ite
 
(T
h3
5,
 P
5-
68
1.
3m
); 
22
. F
er
ro
ac
tin
ol
ite
 (T
h2
2,
 P
4-
89
9.
7m
); 
23
. F
-a
pa
tit
e 
(T
h3
9)
; 2
4.
 G
ah
ni
te
 (T
h1
9,
 P
4-
82
7.
0m
); 
25
. P
yr
op
ha
ni
te
 (T
h3
9)
.  
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Table 5.  Interelement correlations1 for Polygonum, Hunters Dam, Benagerie Ridge, and Thunderdome. 
Element\Site Polygonum  Hunters Dam  Benagerie Ridge Thunderdome  
Drill hole\Unit IN2B \ U.1-U.4 HDDO2, 3 \ U.2 BEN1077 \ U.2 PO2 \ U.1, U.4 
Zn Cd, Hg, S, Ag, Cs, 
Mo, Tl, and Fe 
Pb, Cd, Hg, Se, Sb, 
Au, Bi, U, Ag, Mo 
Cd, Hg, Sb Cd 
Pb MnO, Y, Cu, Sb, 
Ag, Au, Bi, Se 
Ag, Se, Hg, Au, Bi, 
Sb, Cd, As, Zn, U, 
Co, Ni 
Ag  
Ag Sb, Se, Pb, Au, Bi, 
Cu, Zn, Cd, Mo, Co 
  Cu, Ni, Mn, P, Bi 
Cu Au, Bi, Se, Sb, Ag, 
Pb, Y, Co 
 Co, Bi, Se, Au (0.4) Ag, Ni, Mn, S, P 
Mo   Au, Tl  
 
1 Correlations of R2 > 0.5 are listed. 
 
 
Table 6.  Carbon and oxygen isotopic compositions of calcite  
from the Olary Domain, southern Curnamona Province. 
Sample δ13C VPDB δ18O VPDB 
IN2B-356.4-.6m -0.63 -17.96 
IN2B-789.85m-1 -4.68 -16.97 
IN2B-789.85m-2 -4.65 -17.02 
IN2B-807.8-808.0m -2.46 -17.14 
IN2B-810.9-811.25m -0.87 -17.20 
IN2B-820.7-.85m -6.11 -17.46 
IN7-428.8-429m-1 -10.09 -17.25 
IN7-428.8-429m-2 -10.14 -17.10 
IN7-500.5-.6m  -10.23 -17.65 
IN7-532.0-.05m -0.80 -16.80 
HDDO3-173.6-173.8m -6.88 -17.41 
HDDO3-178.2-178.3m-1 -5.32 -17.78 
HDDO3-178.2-.3m-2 -4.97 -17.56 
HDDO3-179.5-.8m-1 -4.49 -17.70 
HDDO3-179.5-.8m-2 -4.54 -17.60 
BEN604-413.9-414.2m -3.85 -19.20 
BEN604-470.2-.3m -4.05 -19.13 
BEN604-484.5-.8m -2.34 -19.15 
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Chapter 5.  General conclusions 
Major and trace element compositions of garnet-rich rocks from the BH deposit and at Iron Blow, 
Mutooroo, Cathedral Rock, Meningie Well, Polygonum, Thunderdome, Weekeroo, and Doughboy that are 
conformable to bedding in enclosing metasedimentary rocks in the SCP suggest they are metamorphosed 
impure chemical precipitates that originally consisted of approximately equal amounts of hydrothermal (Mn, 
Fe, metals) and detrital (Al, Ti) components with minor contributions of hydrogenetic material (ie., Co, Ni, Mg; 
highest in rocks away from the BH deposit).  The compositions of garnet-rich rocks from the SCP are similar in 
composition to Fe-Mn hydrothermal sediments from the Pacific Lau Basin.  The Mn anomaly at BH and the 
presence of Mn in garnet-rich rocks throughout the SCP likely reflects the derivation of Mn from spatially 
related amphibolite (originally Fe-rich tholeiites).  All garnet-rich rocks are characterized by LREE enrichment, 
HREE depletions, and no Ce anomalies.  Metamorphic garnets that were unaffected by post-depositional 
alteration, retrograde chloritization, and brittle shearing, or that were not formed by metasomatic fluids during 
metamorphism, show flat HREE patterns that reflect the physicochemical conditions of the hydrothermal fluid 
from which the precursor phases formed.  Calculations of KD grt/rock indicate that the HREEs are 
crystallographically controlled in garnet, whereas the LREEs are not.  Interelement correlations indicate that the 
size and sign of the Eu anomaly (Eu/Eu*) in the rocks and garnet is related to their major element composition 
and metal content, and is chemically and crystallographically controlled by the Mn, Ca, Fe, and Eu content of 
garnet.  The Eu/Eu* value of garnet is also determined by the distribution of Eu among garnet and accessory 
phases.  Mn- and Mn–Ca-rich, Fe-poor garnetite and garnet-hedenbergite, -bustamite, and -rhodonite rocks 
from BH are characterized by Eu/Eu* > 1 (positive anomaly).  Mn-poor, Fe-rich quartz-garnetite and garnet-
gahnite rocks from BH and quartz-garnet and garnet-amphibole rocks from other sites in the SPC possess 
Eu/Eu* < 1 (negative Eu anomaly).  Garnet in these rocks shows the same Eu anomaly as the host rocks, except 
where garnet coexists with feldspar, in which case Eu is partitioned preferentially into the latter leaving a 
negative Eu anomaly in garnet.  The smallest Eu/Eu* values (largest negative Eu anomaly = 0.02) were found in 
garnet from Mutooroo with low Eu (0.1 ppm) and Mn (2.1 wt. % MnO) contents, whereas the highest Eu/Eu* 
values (largest positive Eu anomaly = 8.1) are present in garnet from BH garnetite with high Mn (28.44 wt. % 
MnO) and Eu (6.9 ppm) contents.  In garnet-quartz rocks from the SCP, which are essentially monomineralic 
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rocks, the Eu/Eu* value reflects crystallographic-chemical controls and do not alone indicate the 
physicochemical conditions of the hydrothermal fluids.  The Eu anomaly in garnetite is positively correlated 
with the Pb content of the rocks, whereas in garnet-gahnite rocks it is correlated with the Zn content of the 
rocks.  Mn-rich garnetite and Mn–Ca-rich garnet-pyroxenoid rocks that show Eu/Eu* > 1 and that are located in 
the stratigraphically high Pb lenses and upper Zn lens of the BH deposit indicate that they were derived from 
hydrothermal fluids at T > 250 ºC and high fO2 conditions.  Precursor to these Mn-rich garnets formed from 
oxidized fluids that deposited larger amounts of Mn compared to those in the precursor to Mn-poor, Fe-rich 
quartz garnetite and garnet-gahnite rocks from the Zn (± Cu) lenses at BH and garnet-rich rocks in other sites in 
the SCP that exhibit Eu/Eu* < 1 and low Mn contents.  They formed from hot but more reduced fluids than 
those that formed garnetite.  The sign and size of the Eu anomaly in garnet-rich rocks and garnet in the SCP 
were determined by the relative sorption properties and crystallographic controls of Mn 
oxides/oxyhydroxides/carbonates versus Fe oxides/oxyhydroxides/carbonates in the protolith.  Mn, and Mn-Ca-
rich precursor phases incorporated high amounts of reduced Eu, whereas Mn-poor, Fe-rich minerals 
discriminated against Eu2+ due to larger differences in ionic radii or different sorption affinity of Fe and Mn 
minerals.  Y/Ho and Zr/Hf ratios of most garnet-rich rocks show near chondrite (and CHARAC) compositions 
reflecting the dominance of Cl-bearing species in the Mn-bearing hydrothermal fluid and the composition of the 
detritus.  Some garnet-rich rocks (including sheared rocks from Cathedral Rock) and BIFs show relatively high 
Y/Ho ratios (non-CHARAC compositions) indicating a higher contribution of F-bearing species in the 
hydrothermal fluid.   
Enrichments in Mn, Zn, Cr, and Eu/Eu* > 1 are characteristic of garnet from BH, whereas depletions 
in Co, Ti, and Y in garnet that show Eu/Eu* < 1 are typical of garnet in garnet-rich rocks in other sites from the 
SCP.  Garnet in garnet-rich rocks with Eu/Eu* > 1, Eu > 5 ppm, MnO > 15 wt. %, Zn > 400 ppm, and Cr > 200 
ppm can be used as guides in the exploration of BHT deposits.  Garnet-rich rocks spatially associated with the 
BH deposit are enriched in Mn, K, Rb, Ti, S, Ga, Cs, Eu, Sn, U, W, Cu, Pb, Zn, As, Cd, Sb, Ag, and Au relative 
to rocks that show no spatial relationship to sulfides or to minor amounts of sulfides.  These elements along 
with the presence of a positive Eu anomaly in garnet-rich rocks constitute and exploration guide for BHT 
mineralization in the SCP, and possibly elsewhere.  
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Mn-rich, gahnite-bearing pelitic/psammopelitic, Pb-Zn mineralized amphibolite facies sedimentary 
sequences that contain garnet-rich rocks at the Polygonum and Thunderdome prospects are stratigraphically, 
chemically, and mineralogically equivalent to those in the BH deposit.  The rocks and the sulfide mineralization 
are the result of the precipitation from hydrothermal fluids on the basin floor.  The sulfide-bearing sequence 
represents a deeper water environment compared to stratigraphically lower carbonate units.  Very-fine grained 
to fine-grained Fe–Zn sulfide mineralization in carbonaceous pelites, calc-silicates, carbonates, carbonate-
feldspar layers and nodules [Bimba Formation, lower Strathearn Group (OD), and Ettlewood Calc-Silicate 
Member, Broken Hill Group (BHD)] at the Benagerie Ridge, Polygonum, and Hunters Dam prospects formed 
in a shallow evaporitic, saline lacustrine environment associated with biogenic activity.  The hydrothermal 
mineralization is synsedimentary and related to Mn-bearing sideritic and dolomitic carbonates.  It is similar in 
style to that present at the HYC deposit, Queensland.  Elevated Mn, B, F, Cl, Ba, Fe, and base metal contents of 
the host carbonates and pelites indicate that the ore-bearing fluids were a mixture of warm hydrothermal fluids 
and cooler, oxidized basinal brines derived from the dewatering of the sedimentary pile and dissolution of 
evaporites.   
A negative correlation between the abundance of Zn and Pb and the amount of Ni, and to a lesser 
extent Co, indicates a decrease in pyrite content and an increase in the amount of sphalerite and galena in 
sulfide horizons.  An abundance of pyrite represents the halo that surrounds mineralization.  Whole rock values 
of  > 4 ppm Tl, > 25 ppm Cd, > 7 ppm Se in units 2 and 4, a Zn/(Zn+Fe) ratio of > 0.6 for gahnite, a 
(Mn+Fe+Mg)/(Mn+Fe+Mg+Ca) ratio > 0.8 for carbonates, a Mn/(Mn+Fe+Mg) ratio > 0.6 for garnet in garnet-
quartz rocks, and a Mn/(Mn+Ca+Fe) ratio > 0.3 for garnet in calc-silicate rocks are considered to be potential 
geochemical indicators of stratabound Pb-Zn mineralization in the northern part of the SCP. 
C and O isotopic compositions of carbonates that fall within the field of unmetamorphosed Proterozoic 
carbonates show that the carbonates have not been extensively modified and reflect original inhomogeneities 
and different C sources.  Although the lower δ13C values shown by some samples from the same location may 
be interpreted as indicative of a higher amount of organic C compared to the rest, the effect of incomplete 
metamorphic equilibration at T < 600 º C can not be discarded as an alternative explanation.  d13C values for 
carbonates from BH ore are extremely light and resulted from decarbonation and high T metamorphism.  Based 
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on the presence of carbonaceous matter and graphite at each location studied here, a genetic link is likely 
between biogenic C, base metal mineralization, and carbonate precipitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 1. Complete correlation matrices for quartz-garnet rock compositions from the SCP 
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Appendix 2. Correlation matrices of rock compositions from Polygonum, Hunters Dam, Benagerie Ridge, 
and Thunderdome 
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Appendix 3. Lithology, location and mineralogy of garnet-bearing rocks from the Broken Hill deposit 
Sample Lithology Location Mineralogy* Accessory and 
trace minerals* 
Blackw11 Garnetite Blackwoods pit, 
hanging wall of 3 lens 
Grt, qtz Mgt, ilm, hem 
Blackw43 Garnetite Blackwoods pit, 
hanging wall of 3 lens 
Grt Qtz, gn, po, ccp, 
sp, td, hem 
Blackw53 Garnetite Blackwoods pit, 
hanging wall of 3 lens 
Grt  Qtz, kfs, hm 
Blackw83 Garnetite Blackwoods pit, 
hanging wall of 3 lens 
Grt Qtz, gn, po, ccp, sp 
Kintore 31 Garnetite Kintore pit, adjacent  to 
3 lens 
Grt Qtz 
Kintore 41 Garnetite Kintore pit, adjacent to 
3 lens 
Grt Qtz 
532-291 Garnetite 27 level, 3 lens, 15N 
stope (NM) 
Grt Qtz, gn, ap, sp, 
ccp, td 
532-833 Laminated garnetite 27 level, 3 lens, 13N 
stope (NM) 
Grt Qtz, gn, ilm, po, 
ccp 
532-452 Garnetite 27 level, 3 lens, 16 
stope (NM) 
Grt, sp, qtz Apy, po, ccp, gn 
532-1042 Garnetite 27 level, 3 lens, 16 
stope (NM) 
Grt, sp Qtz, ccp, gn, py, 
po 
532-1171 Garnetite 19 level, 3 lens, 13 
stope 
Grt Qtz, chl, bt, ilm, 
gn, hem 
532-1192 Garnetite 19 level, 3 lens, 13 
stope (NBHC) 
Grt Qtz 
532-1391 Laminated garnetite 28 level, 3 lens, 14 
stope (NM) 
Grt Qtz, po, bt, ilm, 
ccp, sp, gn, apy 
S76-2542 Garnetite in ore 27 level, 3 lens, 13 
stope (NM) 
Grt, gn Qtz, sp, ccp, apy, 
po, td 
532-2832 Garnetite in ore 17 sub-level, A lode, 6 
stope (NBHC) 
Grt Qtz, sp, po, gn, ccp 
532-3132 Garnetite 12 level, A lode (ZC)  Grt, qtz Sp, gn, po, ccp 
6844-47.81 Garnetite Section 63, 2 lens 
(NBHC) 
Grt Qtz, bt, ilm, ap 
 
532-2853 Hedenbergite-garnet-
rock  
17 sub-level, A lode, 6 
stope (NBHC) 
Hd, grt Qtz, sp, gn, ccp, 
po, apy, ilm 
532-228B1 Massive quartz 
garnetite 
18 level, B lode, H 
stope (NBHC) 
Qtz, grt, bt St, po, ccp, zrn, 
ilm, py 
532-2311 Massive quartz 
garnetite 
28 level, 2 lens (NM) Qtz, grt Gn, cal, ep, bt, chl, 
ap, py, ilm 
532-2842 Massive quartz 
garnetite 
16 level, A lode 
(NBHC) 
Grt, qtz Gn 
532-2983 Massive quartz 
garnetite 
Drill hole 2275  61.2 
feet , C lode 
Qtz, grt Gn, po, ilm, gah, 
ccp, apy 
532-3032 Massive quartz 
garnetite 
12 level, 1 lens, (ZC) Qtz, grt Bt, sp, gn, cp, po, 
py, hm 
532-3041 Massive quartz 
garnetite 
12 level, 1 lens, (ZC) Qtz, grt Ilm, bt, sp, gn, po, 
ccp 
532-3113 Massive quartz 
garnetite 
12 level, B lode (ZC) Qtz, grt Ilm, gn 
532-3351 Laminated quartz 
garnetite 
17 level, 2 lens (ZC) Qtz, grt, cum, sp, 
gn 
Wo, cal, ccp, po 
295
532-3433 Laminated quartz 
garnetite 
20 level, 1 lens, 24 E 
stope (NBHC) 
Grt, qtz Ccp, ilm, po, sp, 
gn 
532-5993 Laminated quartz 
garnetite 
36 level, 2 or 3 lens 
(NM) 
Qtz, grt Ilm, gn, cp 
S76-2831 Massive quartz 
garnetite 
13 level, B lode 
(NBHC) 
Qtz, grt,  Bt, po, ms 
532-22 Quartz-gahnite-garnet 
rock 
13 level, B lode, W 
Long (NBHC) 
Qtz, gah, grt Bt, sp, apy, ccp, 
gn, po 
532-172 Garnet-biotite rock 13 level, B lode, W 
Long (NBHC) 
Grt, bt Gah, qtz, sp, gn, 
po, ccp, apy 
532-19A3 Gahnite-garnet-quartz 
rock 
13 level, B lode, W 
Long (NBHC) 
Gah, grt, qtz Bt, po, sp, ccp, ilm 
S77-113 Quartz-garnet-gahnite 
rock 
13 level, B lode, W 
Long (NBHC) 
Qtz, grt, gah Bt, mgt, po, ccp, 
apy, chl, ilm 
6925-89.13 Quartz-garnet-gahnite 
rock 
Section 41, C lode 
(NBHC) 
Qtz, grt, gah Bt, ilm, sp, po, gn, 
ccp, hm 
6930-48.41 Garnet-biotite-gahnite 
rock 
Section 41, C lode 
(NBHC) 
Grt, bt, gah Qtz, sp, po, gn, ccp 
Z3293-63.01 Quartz-gahnite-garnet 
rock 
Section 36, C lode 
(NBHC) 
Qtz, grt, gah Bt, kfs, ms, st, ilm, 
py, ccp, sp 
Z3293-77.92 Quartz-gahnite-garnet 
rock 
Section 36, C lode 
(NBHC) 
Grt, qtz, gah Bt, ms, ilm, gn, po, 
ccp 
Z3512-67.71 Quartz-gahnite-garnet 
rock 
Section 30, C lode (ZC) Qtz, grt, gah Sp, gn, ilm, ccp, po 
Z3512-120.21 Quartz-gahnite-garnet 
rock 
Section 30, C lode (ZC) Qtz, grt, gah Gn, ccp, po, sp, 
ilm 
532-683 Remobilized quartz 
garnetite 
28 level, 3 lens 15 
stope (NM) 
Grt, qtz, bt, gn, sp Ilm, bt, sp, po 
532-1071 Remobilized quartz 
garnetite 
27 level, 3 lens, 12 
stope (NM) 
Grt, qtz Bt, chl, cal, ap, 
apy, ilm, po 
532-2413 Remobilized quartz 
garnetite 
28 level, 2 lens (NM) Grt, qtz Sp, gn, ccp 
532-3341 Remobilized quartz 
garnetite 
17 level, 2 lens (ZC) Grt, qtz, bt Gn, cp, sp, po 
532-5002 Remobilized quartz 
garnetite 
28 level, 3 lens, 15 
stope (NM) 
Grt, qtz  
532-13 Garnet envelope 21 level, lead lode 21 
W stope (NBHC) 
Grt, qtz, bt, ms Ilm 
 
532-213 Garnet envelope 27 level, 3 lens 16 
stope (NM) 
Grt, qtz Ilm, ap 
532-3162 Garnet envelope 36 level, 1 lens (NM) Grt, qz Mgt, hem 
532-5022 Garnet envelope 28 level, 3 lens (NM) Grt, qtz, sp Td, ccp, gold 
S76-2213 Garnet envelope 19 level, 2 lens (ZC) Qtz, grt, bt Ccp, ilm, po, apy, 
sp, gn 
532-222B3 Garnet-sillimanite 
schist 
15 level, B Lode 
(NBHC) 
Grt, sil, bt, qz, st Ap, ms, po, cp, ilm 
* listed in approximate order of abundance; NM North Broken Hill mine; NBHC New Broken Hill 
Consolidated mine; ZC Zinc Corporation mine; W Long Western Longitudinal; all mineral 
abbreviations are after Kretz (1983); gah gahnite  
1  Whole rock major and REE analysis 
2  LA-ICP-MS analysis of REE in garnet 
3  Whole rock major and REE analysis and LA-ICP-MS analysis of REE in garnet 
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